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The discovery of large numbers of young low-mass stars and brown dwarfs over the last decade 
has made it possible to investigate star formation and early evolution in a previously unexplored 
mass regime. In this review, we begin by describing surveys for low-mass members of nearby 
associations, open clusters, star-forming regions and the methods used to characterize their 
stellar properties. We then use observations of these populations to test theories of star formation 
and evolution at low masses. For comparison to the formation models, we consider the initial 
mass function, stellar multiplicity, circumstellar disks, protostellar characteristics, and kinematic 
and spatial distributions at birth for low-mass stars and brown dwarfs. To test the evolutionary 
models, we focus on measurements of dynamical masses and empirical Hertzsprung-Russell 
diagrams for young brown dwarfs and planetary companions. 
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1 INTRODUCTION 

Molecular clouds give birth to stars across a wide range of masses. The most 
massive stars are born on the main sequence while low-mass stars must contract 
for tens to hundreds of millions of years before becoming hot enough for sustained 
hydrogen fusion. A great deal of observational and theoretical effort has been 
invested in understanding star formation and pre-main-sequence evolution and 
their dependence on stellar mass. Over the last decade, it has become possible 
to extend these studies to the least massive stars and brown dwarfs as surveys 
have uncovered them in large numbers and at a variety of ages. In this way, star 
formation and early evolution can be investigated across more than four orders 
of magnitude in stellar mass, providing more stringent tests of the theories for 
these processes. 

In this review, we summarize the theoretical and observational work on the 
formation and early evolution of low-mass stars and brown dwarfs. We define 
a "low-mass star" as having a mass between ~ . 2 and the hydrogen burn- 
ing mass limit (~ 0.075 M ? . lBurrows et al. 19971 . IChabrier fc Baraffe 200d ). All 



free-floating objects (as well as some companions) below this mass range are 
considered brown d warfs. Some studies have adopted the deuterium burn ing 
limit (~ 0.012 M , IChabrier et al. 2000al : ISpieeel. Burrows fc Milsom 20111 ) as 
the lower limit for the definition of a brown dwarf (Basri 2000), but this is not 



done here sinc e deuterium burning has a negligible impact on stellar structure 



and evolution (jChabrier et al. 20071 ). Since we are examining the formation and 
early evolution of low-mass stars and brown dwarfs, we focus on objects with 
ages <^ 100 Myr, which is the time-scale for low-mass stars to approach the main 
sequence. However, we also consider the properties of older stars and brown 
dwarfs that can help constrain the formation and evolutionary theories, such as 
their multiplicity and mass function. 

This article compl ements previous reviews concerning low-mass s tars and brown 



dwarfs. Basri reviewed early discoveries of brown dwarfs and lKirkpatrick 



reviewed the spectral classification of (mostly older) L and T dwarfs, whereas 
we focus on the discov ery and characterizatio n of low-mass stars and brown 
dwarfs at young ages. IWhitworth et al. (20071 ) and IChabrier" k, Ba raffe (2ood ) 



revi ewed theories for the f orma tion and evolution of b rown dwarfs, respectively, 
and Luhman et al. (2007dl ) and Bureasser et al. j^oo3) compared the predictions 



of the formation models to observations. We summarize the latest developments 
in those theories and update the previous reviews of the observational constraints 
on the formation of brown dwarfs. 
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2 SURVEYS FOR YOUNG LOW-MASS STARS AND BROWN 
DWARFS 

2.1 Search Strategies 

Studies of the formation and early evolution of low-mass stars and brown dwarfs 
have been enabled by surveys that discover and characterize these objects, par- 
ticularly at young ages. The targets of these surveys have consisted of the 
nearest young associations, open clusters, and star-forming regions (d = 50- 
500 pc, r = 1-100 Myr). Young brown dwarfs are brightest at near-infrared 
(IR) wavelengths (1-2 [im, YJHK), but because of their relatively warm tem- 
peratures, they often can be detected in red optical bands as well (0.6-1 fj,m, 
RIZ). In fact, an optical filter is quite helpful for identifying red, late-type 
objects when combined with data at longer wavelengths. As a result, surveys 
for young brown dwarfs often have employed both optical and near-IR images. 
These data have been collected through both dedicated imaging and wide-field 
surveys. Examples of the latter include the Two Micron All-Sky Survey (2MASS, 
Skrutskie et al. 20061). the Deep Near-Infrared Survey of the S outhern Sky (DE - 



NIS. lEpchtein et al. 1999 1 the Sloan Digital Sky Survey fSDSS. lYork et al. 20001 ) 



and the United Kingd om Infrared Telescope Infrared Deep Sky Survey (UKIDSS, 
Lawrence et al. 20071 ). 



To identify candidate low-mass stars and brown dwarfs, images are searched 
for objects that have colors/magnitudes or proper motions that are indicative of 
membership in the target cluster or association. If the images are deep enough 
and an appropriate combination of filters is present, it is actually easier to identify 
cool dwarfs than many other classes of astronomical sources because of the dis- 
tinctive nature of their spectral energy distributions (SEDs), which results from 
strong molecular absorption bands. However, a few words of caution are war- 
ranted regarding photometric searches. First, some studies have designed their 
photometric criteria for the selection of candidates based on theoretical magni- 
tudes and colors that are predicted for the age of the target cluster or association. 
However, model colors are often too inaccurate for this purpose. Instead, it is 
better to use the photometry of known young low-mass objects, either in the 
target population or in others with a similar age, to guide the identification of 
candidates. If this is not possible, then the theoretical predictions for temperature 
and luminosity should be converted to magnitudes and colors using empirical re- 
lations between spectral types, temperatures, colors, and bolometric corrections. 
These relations are incomplete for young objects, but it is likely better to use the 
relations for dwarfs rather than rely on synthetic magnitudes. In addition to ap- 
plying properly designed color and magnitude criteria, it is important to carefully 
account for photometric errors during the selection of candidates. For instance, 
near the detection limit of a given set of images, one can find sources that appear 
to satisfy almost any color criteria because of the large errors. A similar problem 
can arise when candidate low-mass members of clusters are identified through 
poorly constrained proper motions. 

In general, it is necessary to obtain spectra of young low-mass candidates 
selected from photometry or proper motions to confirm their membership via 
measurements of radial velocities or (more commonly) signatures of youth. Spec- 
tra are also important for providing spectral types, which constrain the tem- 
perature and mass of a candidate. Low-resolution spectra are normally pre- 
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ferred for the initial followup of candidates since they are adequate for mea- 
suring the broad molecular absorption bands of late-type objects while also 
providing the highest signal -to-noise ratios. F or instance, SpeX at the NASA 
Infrared Telescope Facility (R ayner et al. 20031 ) offers an ideal configuration of 



this kind, producing spectra from 0.8-2.5 fim with a resolution of ~ 100. It is 
likely that SpeX has observed more brown dwarfs, both young and old, than any 
other spectrograph. Adam Burgasser maintains a compilation of a large num- 
ber of these spectra of brown dwarfs in the SpeX Prism Spectral Libraries at 
htt p:/ /www.browndwarfs.org/spexprismj Searches for brown dwarfs and various 
other kinds of rare sources (e.g., high redshift quasars, gamma ray bursts) would 
benefit greatly if a comparable observing mode was available on more telescopes. 
Additional details regarding the spectroscopic confirmation of young low-mass 
stars and brown dwarfs are discussed in Section 12.51 

2.2 Young Associations and Moving Groups 

The nearest samples of young s tars to the Sun [d < 100 pc) are found in small 
moving groups and associations (jZuckerman et al. 201ll . lZuckerman Song 2004). 



These stars are no longer associated with molecular clouds, and hence have ages 
of ^ 5 Myr. Given their proximity and youth, they represent the best available 
targets for surveys to detect and resolve substellar companions and circumstellar 
disks. In addition, since their spectra are relatively unreddened (Ay < 1), mem- 
bers of the nearest associations are attractiv e candidates for spectral classification 
standards for young stars and brown dwarfs ( Cruz. Kirkpatrick &, Burgasser 20091 ). 



If nearby groups and associations have initial mass functions (IMFs) similar to 
those measured in the field, open clusters, and star-forming regions, then they 
should contain significant populations of undiscovered low-mass stars and brown 
dwarfs based on the numbers of known members at higher masses. Surveys for 
these low-mass members have primarily employed one of two strategies: search- 
ing for candidate members of nearby associations based on data from wide-field 
photometric and astrometric surveys, or checking late-type dwarfs found during 
surveys of the field for evidence of youth or membership in any of the nearby 
groups. In either strategy, to firmly establish membership of a given candidate, 
one seeks to show that it exhibits spectroscopic indicators of youth and that it 
shares the same 3-D space motion as the known members, which requires mea- 
surements of parallax, proper motion, and radial velocity. 

In the first of the two survey methods mentioned above, candidate low-mass 
members of nearby associations are initially identified based on signatures of 
youth and activity (X-ray, UV), late spectral type (optical, near-IR), or kine- 
matic membership (proper motions, radial velociti es). In the discovery of the 
first known brown dwarfs in a nearby association, iGizis f2002l ) used photome- 



try from 2MASS and the Palomar Observatory Sky Survey to identify candi- 
date late-M and L dwarfs in the direction of the TW Hya Association (TWA, 
r ~ 10 Myr). Through followup spectroscopy, he found that two of the can- 
didates, 2MASSW J1207334-393254 (hereafter 2M 1207-3932) and 2MASSW 
J113951-3159211, exhibi ted spectral features that indicated low surface gravities , 
and hence young ages. iMohantv. Javawardhana Barrado v Navascues (20031 ) 
and Scholz et al. (20051 ) confirmed the membership of these objects via measure - 



ments of radial velocities and proper motions, respectively. Scholz et al. (20051 ) 



also used their proper motion data to uncover an additional substellar member of 
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TWA, SSSPM J1102-3431. These three objects have spectral types near M8.5 and 
are among the most widely-studied young brown dwarfs, especially 2M 1207-3932 
(e.g., Sections 12.5-H [3T4")) . U sing photometry and proper motions from wide-field 
optical and near-IR surveys. lLooper et al. (20071 ) discovered a candidate member 
of TWA with an even later spectral type of M9.5, DENIS J124514. 1-442907. Its 
membership seems probable based on the evidence of youth in its optical and 
near-IR spectra, although radial velocity and parallax measurements are needed 
for a definitive assessment of membership. With the increasing availability of 
sensitive astrometric surveys in recent years, it has become common to use both 
photometry and proper motions for the selection of candidate low-mass members 
of young associations, which are then confirmed by radial velocity measureme nt s 
(jClarke et al. 2010l : iGalvez-Ortiz et al. 201ol : ISchlieder. Lepine k Simon 20ld ) . 

Although they are not sensitive to members at substellar masses, X-ray and 
UV satellites have helped to identify possible low-mass stars in nearby associ- 
ations. X-ray surveys have been performed across a wide range of field sizes. 
For instance, deep X-ray images of small fields surrounding the B stars rj Cha 
and e Cha have uncovered compact groups of associated young low-mas s stars 
( Feigelson. Lawson Garmire 200*31 ; Mamajek. Lawson &: Feigelson 19991 ). Sub- 
sequent optical and near-IR imaging has revealed additional members of these as- 
sociations at lower masses and across wider areas (ILawson et al. 2002l;lLuhman 2 004b; 



Luhman fc Steeehs 20oilLvo et al. 20041: iMurphv. Lawson & Bessell 20ld:ISong. Zuckerman k Bessell 20o3 ) 
Meanwhile. iRiaz. Gizis fc Harvin (20061 ) JLooper et al. (20ld ). and lShkolnik. Liu fc Reid (20091 ) 
have used data from the Rontgen Satellite (ROSAT) All-Sky Survey to identify 
candidate young low-mass stars across much larger areas of sky. It has recently be- 
come possible to extend surveys for young stars to UV wavele ngths with the avai l- 
ability of wide- field d ata fr om the Galaxy Evolutio n Explorer ( Martin et al. 20051 ). 
Shkolnik et al. (201ll ) and lRodriguez et al. (20111 ) have found that it seems to of- 



fer better sensitivity to young low-mass stars than the all-sky data from ROSAT. 

As noted above, a second approach to finding low-mass members of nearby 
associations is to search for them among the cool dwarfs found in surveys of the 
field. Within the hundreds of late-type dwarfs that they h ave discovered wit h 
2M ASS and other surveys. iKirkoatrick et al. (20061 . I200S] ). lOruz et al. (20071 ). 
and ICruz. Kirkpatrick &; Burgasser (2009) have identified more than two dozen 
late-M and L dwarfs that have gravity-sensitive spectral features indicative of 
youth (r 100 Myr), and hence are promising candidates for substellar members 

of nearby moving groups. Similar obj ects have been found during other spectro- 

scopic surveys of late- t ype field dwarfs ( Alters et al. 201(3 : Nakaiima. Tsuii fe Yanagisawa 2004 ; 
Reiners fc Basri 201(f ). These sources have not been definitively established as 



members of specific groups since complete sets of p arallaxes, proper motions, and 
radial velocities are currently unavailable. Howe ver. iRice. Fahertv fe Cruz (20ld ) 
have shown that one of the young M dwarfs from lKirkpatrick et al (20081 ). 2MASS 
06085283-2753583, is a likely member of the ft Pic moving group (r ~ 12 Myr) 
based on the space mo tion derived fr om its proper motion, radial velocity, and 
spectroscopic distance. Reiners (2009 ) has presented similar evidence suggesting 
that 2MASS J0041353-562112 (M7.5) may be a member of the Tucana/Horologium 
association (r ~ 30 Myr). Instea d of spectroscopic signatur es of youth, other 
studi es have used proper motions dBannister &; Jameson 20071 ) and radial veloc- 
ities ( Seifahrt et al. 2010l . IZapatero Osorio et al. 2007 ) for the initial identifica- 
tion of possible association members among field L and T dwarfs, but neither 
definitive kinematic evidence of membership nor confirmation of low gravity via 
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spectroscopy has been presented for these candidates to date. 
2.3 Young Open Clusters 

Young open clusters span the same range of ages as the nearest associations and 
moving groups (r > 5 Myr) . The nearest examples of the former are more distant 
than associations like TWA (d > 100 pc), but they are much richer (lOO's-1000's 
of members), providing better constraints on the statistical properties of stellar 
populations, such as their IMF and multiplicity. In addition, open clusters are 
more compact on the sky, so they can be imaged in their entirety down to very 
faint levels. 

The methods of searching for low-mass members of open clusters are similar 
to some of those applied to nearby associations and moving groups. The initial 
identification of candidate members is usually based on proper motions and/or 
optical color-magnitude diagrams. In early surveys, these measurements were 
made with photographic plates, which could detect low-mass stars in the near- 
est clusters. The extension of these surveys into the substellar regime became 
feasible in the late 1980's with the development of sensitive, large-format CCD 
cameras. These devices and their near-IR counterparts are now capable of imag- 
ing an entire cluster (> 10 deg 2 ) in a reasonable amount of time. Proper motion 
surveys for substellar members are growing more powerful ov er time as the base- 



lines from the first d eep wide-field surveys steadily lengthen (jBihain et al. 2006 



Casewell et al. 20071 ). As in young associations, candidate members of a given 



open cluster are confirmed by a combination of proper motions, radial velocities, 
and spectral signatures of youth. A subset of these diagnostics of membership is 
often sufficient since open clusters do not overlap with other young populations 
on the sky as much as nearby associations, which are much more widely dis- 
tributed. This is convenient since radial velocity measurements are not feasible 
for the faintest brown dwarf candidates. For these objects, a spectrum show- 
ing features indicative of a cool, low gravity atmosphere is normally sufficiently 
convincing evidence of membership. 

The most promising open clusters for detecting low-mass stars and brown 
dwarfs are those that are youngest and nearest (r < 1 Gyr, d < 200 pc), which in- 
clude IC 2391 (50 Myr), a Per (90 Myr), the Pleiades (100-125 Myr), the Hyades 
(625 Myr), and Praesepe (~ 600 Myr). Because it offers the best combination 
of age, proximity, and richness, the Pleiades was the first open cluster surveyed 
for brown dwarfs. Proper motions measured from photographic plates were used 
to identify members down to ~ 0. 1 M & across a large fraction of the cluster 
( Hambly. Hawkins &; Jameson 19931 ). The first CCD imaging of the Pleiades 



covered much smaller areas (~ 0.1 deg 2 ) but reached fainter magn itudes than 
the photographi c data ( Jameson k, Skillen 19891 . Stauffer et al. 19891 ) . One of the 



candidates from lStauffer et al. (T989I), PP1 1, was eventually c onfirmed as substel- 



lar through the Li test ( Stauffer. Schultz Kirkpatrick 19981 ). although the first 



brown d warfs in the Pleiades confirmed in this manner consisted of PP1 15 and 
Teide 1 (Basri. Marcv Graham 19961; Rebolo. Zapatero Osorio &, Martin 1995 



Rebolo et al. 19961 : IStauffer. Hamilton & Probst 19941 : IZaoatero Osorio. Rebolo fc Martin 19971 ) 



The Pleiad es has been searched extensively for bro wn dwarfs since those initial 



discoveries (jMoraux et al. 20031 . IStauffer et al. 20071 . references therein) , produc- 
ing a census that extend s down to L spectral types and masses of ~ 0.025 Mq 



(e.g., iMartm et al. 19981 ). Candidate T-type members with potential masses of 
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0.01 M Q have been found (|Casewell et al. 20071 . l201lh . but they currently 



lack spectroscopic confirmation of their cool nature or youth. Surveys of the 
other nearby open clusters mentioned above have been qu i te successful as wel l 
(e.g., Barrado v Navascues. Stauffer Jayawardhana 20041 : Bouvier et al. 20081 : 



■ = . - r ■- a ^ - _ - 1} i ~ — '7 

Lodieu et al. 20051 ). In fact, it has been difficult for spectroscopic followup to 



keep pace with the large number of reported candidates, which is unfortunate 
since complete spectroscopic samples are valuable for addressing a number of 
issues regarding the formation and evolution of low- mass objects, as discussed 
elsewhere in this review. 

2.4 Star-Forming Regions 

The nearest star-forming regions (r <^ 5 Myr) are roughly comparable to the 
nearest open clusters in terms of proximity and richness. The stellar populations 
within the former are more difficult to identify and study because of the dust 
extinction from their natal molecular clouds. However, star-forming regions of- 
fer an opportunity to detect brown dwarfs when their luminosities are highest, 
witness the earliest stages of their formation, and examine how their properties 
(e.g., IMF, multiplicity) vary with star-for ming conditions. T he properties of 
embedded clusters have been reviewed by Lada fe Lada (2003 :) and individual 



nearby regions have been reviewed in the Handbook of Star Forming Regions (B. 
Reipurth, ed.). The discussion in this section includes populations with ages of 
5-10 Myr like Upper Sco and some of the clusters in Orion, even though they 
are no longer embedded within molecular clouds and thus are not experiencing 
ongoing star formation. 

Near the same time that CCDs were first used to search for brown dwarfs 
in the Pleiades, early near-IR detector arrays were applied to nearby embedded 
clusters, often with the same objective. (CCDs also were capable of detecting 
the less obscured brown dwarfs in star- forming regions, b ut this was not yet re- 
alize d.) IR surveys of Ophiuchus ([Greene fc Young 19921). the Trapez ium Clus- 
ter (|McCaughrean fc Stauffer 19941 ). and IC 348 (|Lada fc Lada 19951 ) detected 



objects that are now known to be probable brown dwarfs, but they were not 
identified as candidates at that time. This is because near-IR broad-band filters 
are less sensitive to spectral type than the optical bands used in open clusters, 
making it more difficult to distinguish brown dwarfs from field stars. The pres- 
ence of variable reddening towards the cluster members and background stars in 
star-forming regions further hampers reliable selection of candidates. Neverthe- 
less, a few individu al brown dwarf candidates were reported fr om IR imaging of 
embedded clusters (jComeron et al. 19931 . iRieke fc Rieke 1990l ). GY141 (p Oph 



162349.8-242601) was one of the first candi dates that was spectr oscopically con- 
firmed as a young, late-type object (>M6). IRieke &; Rieke fl990l ) suggested that 
it was a for eground dwarf becau se its near-IR colors did not exhibit any red- 



dening, but IComeron et al. (19981 ) identified it as a possible young brown dwarf 



based on the detection of mid-IR excess emission at 4.5 /im with the Infrared 
Space Observatory (ISO), which indicated the presence of a circumstellar disk. 
Luhman. Liebert &: Rieke (19971 ) used optical spectroscopy to confirm its youth 



and late spectral type (M8.5). Although it was a small aspect of a much larger 
study of t he Orion Nebula C luster (ONC), and hence received little attention at 
the time, Hillenbrand (19971 ) also presented some of the first spectral classifica- 



tions of young late-type objects. 
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Rather than search for individual brown dwarf candidates, some of the early 
surveys of embedded clusters focused on statistical estimates of the substellar IMF 
based on IR luminosity functions. This approach was applied most extensively to 
the Trapezium Cluster at the center of the ONC because it is very compact and is 

located in fro nt of a dense molecular cloud, reducing the contamination from back- 

ground stars ( Hillenbrand fc Carpenter 2000l : lLucas fc Roche 200(1 iLucas. Roche &: Tamura 20051 : 
Luhman et al. 2000l: iMuench et al. 20021 ). Other clusters have been studied in 



this way as well (jComeron et al. 199.1 IMuench et al. 20031 ). but because they 
lack the uniquely favorable geometry of the Trapezium, background stars domi- 
nate the observed luminosity functions at the magnitudes of brown dwarfs, and 
hence the resulting constraints on the substellar IMF have large uncertainties. 

To find promising candidates for low-mass stars and brown dwarfs in star- 
forming regions, several methods have been employed over the last decade. Be- 
cause of the extreme youth of these objects, they can be identified via signatures 
of activity (X-rays), accretion (Ha, UV), and disks (mid-IR). Deep X-ray im- 
ages are capable of detecting most of the low-mass s tars in the nearest embed- 
ded clusters, but they reach few of the brown dwarf s (jFeigelson &; Lawson 2004 ; 
Scelsi et al. 20071 ; IStelzer. Micela &; Neuhauser 20041 ) . Although Ha imaging has 



not been used widely for this purpose, it did uncover s ome of the first spectroscopically- 
confirmed late- type members of star- forming regions ( Comeron. Rieke &: Neuhauser 19991 ). 
As described earlier, mid-IR excess emission was used to identify GY141 as 
a pos sible disk-bearing b rown dwarf. The ability of the Spitzer Space Tele- 
scope dWerner et al. 2004h to collect sensitive, wide-field mid-IR images has made 
it possible to apply this t e chnique on a much larger scale (lAllers et al. 20071 . 
Luhman et al. 2009bl . l200fil . IMuench et al. 20071 . iRebull et al. 2010l ). Data from 



Spitzer have been particularly crucial for detecting heavily obscured, protostellar 
brown dwarfs (see Section I3.5H . 

As in open clusters, candidate low-mass members of star-forming regions also 
can be identified with proper motions and color-magnitude diagrams measured 
from optical and near-IR images. These data are generally more sensitive and 
unbiased than the surveys based on youth indicators. Proper motion selection 
of candidates has not been widely used in star-forming regions since extinction 
prevents many of the members from appearing in photographic plates. However, 
the earliest wide-field images with CCDs and near-IR detectors are growing old 
enough that sensitive proper motion surveys for low-mass members are becoming 
feasible. Such proper motion measurements are especially accurate if one or more 
epochs of images have been obtained with the Hubble Space Telescope (HST) given 
its high spatial resolution. Figure Q] shows an example of how HST can be used 
for this purpose. Ideally, if one could map the nearest star-forming regions with 
the resolution of HST and the wavelength coverage and sensitivity of Spitzer (e.g., 
James Webb Space Telescope) across a period of several years, virtually all of the 
members could be identified through proper motions. 

Color-magnitude diagrams have proved to be the most successful tool for find- 
ing low-mass members of star-forming regions. Since clusters with ages of > 
3 Myr usually have little extinction (Ay < 2), standard color-magnitude diagrams 
like those used for open clusters are suffi cient for the selection of candidates. Ex- 
ample s of such populations include a Or i ( Bejar. Zapatero Qsorio &: Rebolo 19991). 

A Ori ( Barrado v Navascues et al. 20041 ) . and Upper Sco (jSlesnick. Carpenter &; Hillenbrand 20061 ). 
However, extinction from the parent molecular cloud in younger regions can be 
quite large, and it varies significantly from one line of sight to another (Ay = 0- 



Formation & Early Evolution at Low Masses 



9 



50), which increases the contamination of reddened background stars in the 
area of a color-magnitude diagram inhabited by cluster members. Late- type 
members can be distinguished from these background stars by inspection of 
a color-color diagram like I — K versus J — H in which the reddening vec - 
tor is roughly perpendicular to the sequence of dwarf colors ( Luhman 2000l ). 
To represent the membership constraints from a color-magnitude diagram and 
I — K versus J — H more compactly, extinctions of individual stars can be es- 
timated from the latter, which ar e then used to deredd en the locations of stars 
in the color- magnitude diagram ( Luhman et al. 2003al ). The dramatic reduc- 
tion in contamination from background stars is illustrated by the comparison of 
observed and extinction-corrected color-magnitude diagrams for Taurus in Fig- 
ure [2j Thus, the most refined selection of candidate low-mass stars and brown 
dwarfs is produced when data at both optical and near-IR bands are available. 
2MASS was an essential source of the IR data in early surveys, particularly 
in the larger regions like Taurus (jBriceho et al. 20021 ). UKIDSS is now provid- 
i ng much deeper IR images for s everal nearby open and star-forming clusters 
( Lodieu. Hamblv &: Jameson 20061 ) . Although the members of the most embed- 
ded clusters like Ophiuchus are often below the detection limits of optical im- 
ages, it has been possible to identify candidate substellar members with JHK 
photometry alone ( Alves de Qliveira et al. 2010l ). Specialized filters that are de- 
signed to measure the near-IR absorption bands from H2O and CH4 also have 
been used to search for cool members of star-forming region s ([Burgess et al. 20091 : 
Haisch. Barsony &: Tinney 20ld : Peha Ramirez et al. 2011 ). As in open clusters, 



candidates are usually confirmed through low-resolution optical or near-IR spec- 
troscopy that demonstrates a late spectral type and a young age. 

The nearest and richest stellar populations with ages of <^ 10 Myr are found in 
Taurus, Perseus (IC 348, NGC 1333), Chamaeleon, Orion (ONC, o Ori, A Ori), 
Ophiuchus, Lupus, and Upper Sco. Surveys of these regions have discovered 
a few hundred members that a re likely to be brown dwarfs (>M6) with spec- 



tral types as late as earlv L (lLodieu et al. 20081 . iLuhman et al. 2009bl . 120081 
Weights et al. 20091 . IZapatero Osorio et al. 2000h 
also have been found in 



Candidat e youn g T dwarfs 
o Ori (IZanatero Osorio et al. 2001 l2008ft and Ophi 



uchus ( Marsh. Kirkpatrick &: Plavchan 2010h . The membership of the former 
object is uncertain (jBurgasser et al. 20041 ) while the source in Ophiuchus is too 
reddened for a foreground dwarf, seems too bright for a background dwarf, and 
does not match the spectra of normal T dwarfs, indicating that it may be a 
young member of the cloud. The samples of spectroscopically confirmed young 
low-mass stars and brown dwarfs in Taurus and Chamaeleon are particularly 
valuable because of their proximity, relatively low extinction, large sizes, lack of 
crowding a nd bright nebular emission, and the uniformity of their spectral clas- 
sifications ( Luhman 20081 . Luhman et al. 20 10. references therein). Upper Sco is 
also very promising; based on the number of known members above ~ 0.5 M©, it 
should contain the largest substellar population of any star- forming region within 
150 pc (> 200 brown dwarfs). Deep, wide-fiel d surveys of Upper Sco through 



UKIDSS are beginning to realize its potential (lLodieu. Dobbie Hamblv 2011 



Lodieu. Hamblv fc Jameson 200d : lLodieu et al. 200 
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2.5 Characterization of Stellar Properties 

After a young low-mass star or brown dwarf is discovered, we can begin to study 
it in detail by estimating its basic stellar properties, such as its spectral type, 
effective temperature, extinction, bolometric luminosity, mass, and age. The 
methods for doing so are reviewed in this section. An ext ensive review of th e 
characterization of older, cooler brown dwarfs can be found in lKirkpatrick 
2.5.1 SPECTRAL TYPE The measurement of a spectral type is impor- 
tant for confirming that a given candidate is cool and young, and is not a field 
star or a galaxy. In addition, because low-mass stars and brown dwarfs are ex- 
pected to maintain roughly constant temperatures during their early evolution, 
spectral types should comprise good observational proxies of stellar masses. 

At ages of <; 100 Myr, objects at the hydrogen burning mass limit are pred icted 
to have temperatures near 3000 K ( Baraffe et al. 19981 . Burrows et al. 19971 ). cor- 
responding to a spectral type of ~M6. This prediction ap pears to be consistent 

with measurements of dynamical masses and Li abundances ( Basri. Marcv fe Graham 19961 : 
Basri fc Martin 19991 : [Close et al. 20071 : IStassun. Mathieu & Valenti 20061 . Sections P]) . 
Young brown dwarfs should have progressively later types with decreasing mass, 
and could extend into the L and T spectral classes. For instance, evolutionary 
models predict that a brown dwarf with a mass of 2 Mj up should have a tem- 
perature of ~ 1200 K at an age of 1 Myr, wh ich corresponds to a spectral type 
of early T for field dwarfs ( Kirkpatrick 20 05). However, the onset of methane 
absorption (i.e., a type of TO) may occur at lower temperatures for young brown 
dwarfs than for older objects in the field ([Barman et al. 201 lbl . Section [4.4p . 

The spectral types of field M and L dwarfs are defined by the strengths of 
various atomic and molec ular absorption features (e.g., TiO, VO) that appear 
at red optical wavelengths (iHenrv. Kirkpatrick fc Simons 1 994: Kirkpa trick 20051: 



Kirkpatrick. Henry &: Irwin 1997 ; Kirkpatrick. Henry McCarthy 1991 ; Kirkpatrick et al. 1999al ) . 
Averages of optical spectra for dwarf and giant standards match well with the 
spectra of young late- M objects, and thus have been used to define th e spectral 
types of these sources ( Luhman 19991 : Luhman. Liebert h Rieke 19971 ) . Since L- 
type giants do not exist, a preliminary classification system for young L dwarfs 
has been defined at optical wavelength s based on a comparison to normal L dwarfs 
(jCruz. Kirkpatrick Burgasser 2009). The standards for this scheme consist of 
nearby fie ld dwarfs that have been identified as young based on their gravity sensi- 
tive l ines ( Cruz. Kirkpatrick Burgasser 20091 : ICruz et al. 20071 : iKirkpatrick et al. 20061 . 
2008). L-type members of young clusters generally are less attractive as standards 
since they are fainter and can have significant reddening, although they do offer 
the advantage of known ages via their cluster membership. For field T dwarfs, 
the primary classifica tion scheme is based on near-IR H2O and C2H4 bands 
(jBurgasser et al. 20061 ). The normal T dwarf standards are well-suited for classi- 
fying the moderately young T dwarf HN Peg B (t ~ 300 Mvr. lLuhman et al. 2007ah . 

The classification of younger T dwarfs has not been explored since only a few can- 

didates have been identified (jMarsh. Kirkpatrick &: Plavchan 20ld : IZapatero Osorio et al. 20021 ). 

Although their spectral types have been defined according to optical features, 
young late-M and L dwarfs are more easily observed at near-IR wavelengths, 
where they are brightest. To measure IR spectral types that are tied to the optical 
classification system, they should be based on 1) a comparison to dwarf standards 
for spectral features that do not depend on gravity or 2) a comparison to optically- 
classified sources with roughly the same age for features that depend on both grav- 
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ity and temperature (e.g., Cruz. Kirkpatrick &: Burgasser 20091 ; Luhman 2008 ; 
Luhman et al. 2009bl ). Since the H2O bands are the most prominent features in 
low-resolution near-IR spectra at M and L types, and since they do vary with 
both gravity and temperature, the latter approach is usually necessary. To il- 
lustrate this point, Figure [3] compares the spectra of an M6 member of Taurus, 
V410 X-ray 3, and a standard M6V field dwarf, Gl 406. The M6V dwarf matches 
the optical absorption bands but has weaker H2O absorption. A much cooler field 
dwarf near L0V is required to reproduce the depth of H2O in the low-gravity M6 
object, as shown in Figure [3l Thus, using dwarfs as the standards for classify- 
i ng young objects via their H2O bands produces spectral types that are too late 
(jLuhman et al. 2003bl ). 

Gravity-sensitive spectral features like H2O complicate the measurement of 
spectral types, but they also provide valuable constraints on the ages of late-type 
dwarfs. In particular, these features offer a means of confirming the youth, and 
hence the membership, of candidate low-mass members of young clusters and 
associations. Early surveys for young brown d warfs used optical spectroscopy 
of Na I, K I, CaH, and VO for this purpose (ILuhman. Liebert fc Rieke 19971 ; 
Martin. Rebolo k, Zapatero Osorio 19961 ; Steele &; Jameson 1995), and similar fe a- 
tures were soon rec ognized at near-IR wavelengths as well (jGorlova et al. 20031 . 
Luhman et al. 19981 ). The variation of gravity-sensitive lines with age has been 
examined in det ail in several studies (jKirkpatrick et al. 20061 . iMcGovern et al. 20041 . 
Rice et al. 201ol ). which have shown t hat differences of ~ 1 de x in log(age) can be 
detected within a sample of objects ( Kirkpatrick et al. 20081 ). This is illustrated 
in Figure El which compares transitions from Na I, K I, and FeH for late-M mem- 
bers of Taurus (r ~ lMyr), Upper Sco (r ~ 12 Myr Pecaut. Mamajek &; Bubar 20121 ). 
and the field (r ^ 1 Gyr). Spectral features of this kind have been used to de- 
fine gravity classes that are denoted by the suffixes a, (3, 7, and 5 (e.g., LOS), 
which correspond rough ly to ages of >, 1 Gyr, ~ 100 My r , ~ 10 Myr, and 
^ 1 Myr, respectively ( Cruz. Kirkpatrick Burgasser 20091 : Kirkpatrick 20051 : 
Kirkpatrick et al. 20061 ). Figure [3] also shows how the shape of the -ff-band con- 



tinuum varies with gravity, ex hibiting a broad p lateau in old dwarfs and a tri- 



angular peak in young objects (jLucas et al. 200 ll ). Because it can be detected in 
low-resolution spectra, this is a particularly useful gravity diagnostic. 

To illustrate how the optical and near-IR SEDs of young low-mass objects 
vary with spectral type, Figure H] shows low-resolution spectra of young sources 
from mid-M t o early T. This sample consists of members of IC 348 (source 201, 
Luhman 199 91 ), Taurus (V410 X-ray 3.lLuhman et al. 19981 ). and TWA (2M 1207- 

3932 A and B. lchauvin et al. 2004LlGizis 20021), three young field dwarfs (2M 0141- 

4633, 2M 2208+2921, 2M 0355+1 133 lCruz. Kirkpatrick fc Burgasser 20091 : iKirkpatrick et al. 20061 ). 
and the young companion HR 8799 b (r ~ 60 Myr, Marois et al. 20081 ). The spec- 
tral types of the earliest six sources were measured from optical spectra, but only 
near-IR spectra are available for 2M 1207-3932 B and HR 8799 b. The latter has 
been classified as early T bas ed on the tentative det ection of weak CH4 absorption 
in the spectrum in Figure l4l (|Barman et al. 20 Hal ). Given its strong H2O bands 
and its lack of CH4, 2M 1207-3932 B is probably an L dwarf, but a more accurate 
classification has not been possible p reviously because it is much redder from 1 — 
2 jj,m than normal L dwarf standards ( Mohantv et al. 2007 . Patience et al. 20 id ). 
As discussed at later points in this review, young L dwarfs like those in Figure 0] 
are also unusually red, which suggests that the red color of 2M 1207-3932 B is 
related to its youth. 2M 1207-3932 B closely matches the young L5 dwarf in Fig- 



12 



Kevin L. Luhman 



ure|3]from 1.4-2.5 //m, but is redder in the J-band, indicating that it is probably 
later than L5. Therefore, we adopt a type of L6-L9 for it. The spectral behavior 
of objects at very low masses and young ages like 2M 1207-3932 B and HR 8799 b 
will be discussed further in Section 14.41 
2.5.2 EFFECTIVE TEMPERATURE Effective temperatures of young 
low-mass objects have been estimated from spectral types and from fitting of 
spectral lines with the predictions of model atmospheres. For the first approach, 
a conversion between spectral types and temperatures is required. To develop 
a temperature scale that is appr opriate for use wit h one of the mo st widely- 
used sets of evolutionary models ( Baraffe et al. 19981 ). iLuhman (19991 ) modified 
the scale for M dwarfs so that the components of the young quadruple system 
GG Tau (K7/M0.5/M5.5/M 7.5, IWhite et al. 19991 ) exhibit the same iscochronal 
ages. Luhman et al. (2003bl ) then adjusted this scale further so that the sequences 



of IC 348 and Taurus at <M9 were parallel to those model isochrones on the 
Hertzsprung-Russell (H-R) diagram. The resulting scale may differ significantly 
from the true conversion, but in the absence of a robust determination of the 
temperature scale at young ages (e.g., eclipsing binaries), this scale offers a rea- 
sonable means of interpreting spectral types and luminosities in terms of masses 
and ages with evolution ary models. No attem pt has been made to extend the 
temperature scale from Luhman et al. (2003bl ) to young L dwarfs since few of 
these objects have been found in young clusters, but it appears that they may 
have significantly different temperatures than dwarfs at a given spectral type 
(Section [O}. 

As an alternative to applying a temperature scale to spectral types, tempera- 
tures (and surface gravities) for young low-mass objects have been estimated by 

fitting abso rption lines in high-resolution spectra w i th lines produced by model at- 

mospheres ( Mohanty. Jayawardhana Basri 2004! : Mohanty et al. 2004bl : lEice et al. 2010h . 
The resulting parameters are often consistent with the temperatures implied by 
spectral types and the gravities derived from evolutionary models, but their values 
do depend on the transitions in question and the adopted models. In addition, 
spectroscopy with sufficient resolution for detailed model fitting is feasible for 
only the brightest young brown dwarfs. 

2.5.3 EXTINCTION Young brown dwarfs in the solar neighborhood have 
negligible extinction (Ay < 0.5), but members of star- forming regions are often 
obscured by their natal molecular clouds and (less frequently) circumstellar dust. 
Older stars in open clusters and associations also can have noticeable extinction 
(Ay ~ 1) if they are beyond the edge of the Local Bubble (d ;> 100 pc). Esti- 
mating the amount of extinction toward young low-mass stars and brown dwarfs 
is necessary for measuring their bolometric luminosities. Reddening from extinc- 
tion also must be considered during spectral classification since it significantly 
affects spectral slopes. Indeed, rather than use the slope to help constrain the 
spectral type, one typically must use it to estimate the extinction if significant 
obscuration is possible. 

In early studies, extinctions for young low-mass stars and brown dwarfs were 
estimated by comparing their broad-band colors to the typical values for field 
dwarfs at a given spectral type. Samples of young objects are now large enough 
for types earlier than L0 that it has become possible to estimate their average 
intrinsic colors as a function of spectra l type by assuming t hat the bluest sources 
at each spectral type have Ay ~ (jLuhman et al. 2010h . Since they should 
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be unreddened, young M and L dwarfs in the solar neighborhood also have con - 
strained the intrinsic colors at young ages ( Cruz. Kirkpatrick &; Burgasser 20091 ). 
Although colors are more widely used for estimating extinctions, the most accu- 
rate measurements are provided by the slopes of broad-coverage spectra (e.g., 
Figure H|) in comparison to unreddened standards. 
2.5.4 BOLOMETRIC LUMINOSITY Many young low-mass stars and 
brown dwarfs lack photometry across a wide enough range of wavelengths for 
direct calculations of their bolometric luminosities. As a result, luminosities are 
usually estimated by applying bolometric cor rections derived for field dwarfs to 
broad-band magnitudes, such as J, H, or K ( Golimowski et al. 20041 ). This ap- 
proach seemed reasonable si nce the near-IR colors of young M dwarfs are similar 
to those of field M dwarfs ( Luhman 19991 ). However, beyond a spectral type 

of ~M9, young objects become redder than their older counterparts in J — K 

(lAllers et al. 2010l: | Bihain et al. 2010l:lBriceho et al. 20021: ICruz. Kirkpatrick fc Burgasser 2009 



- 8 

Fahertv et al. 20091 : Kirkpatrick et al. 20061 . 120081 : ISchmidt et al. 2010l ). This trend 
is evident in a comparison of near-IR spectra of young L dwarfs like those 
in Figure [H to spectra of field dwarfs, and it app lies to the young planetary 
companions of HR 8799 as well (IMarois et al. 20081). whi ch probably have spec- 
tral types near the L/T transition ( Barman et al. 201 lal ). Similarly, the colors 
between near- and mid-IR bands for young L dwarfs in the field are unusu- 
ally red (IZapatero Osorio et al. 2010l . l201lh . The young T dwarf HN Peg B 
also exhibits red near- to mid-IR colors, although its near-IR colors are nor- 
mal ( Luhman et al. 2007al ). Thus, the bolometric corrections for young L and 
T dwarfs are probably not the same as those for standard field dwarfs. As a 
result, luminosities based on dwarf-like bolometric corrections are probably un- 
derestimated, which may partially explain why yo ung L dwarfs are u nderlumi- 
nous compared to normal dwarfs in near- IR bands (|Fahertv et al. 20121 ) and why 
the sequences of young clusters on H-R diagrams are un derluminous relative to 
model iscohrones at the latest types ( Luhman et al. 20081 . Section l4~4l) . Near- and 
mid-IR data are now available for a sufficiently large number of young low-mass 
objects that one could estimate the typical bolometric corrections as a function of 
spectral type a t young ages, but this has been done only for a few specific spectr al 
types to date ( Todorov. Luhman &; McLeod 2010l ; Zapatero Osorio et al. 201ol ). 

2.5.5 MASS AND AGE Masses and ages for young low-mass stars and 
brown dwarfs are normally estimated by comparing their temperatures and lumi- 
nosities to the values predicted by theoretical evolutionary models (Section l4.4p . 
The estimates for a given object depend significantly on the details of this process, 
such as the adopted temperature scale and evolutionary models, but it is possi- 
ble to arrive at masses and ages for young M dwarfs that are roughly consistent 
with measurements of dynamical masses, the expected c oevality of components o f 
multiple systems, and other observational constraints ( Luhman Sz Potter 20061 ). 
However, the errors in these masses and ages are likely rather high at L and T 
types where the SEDs are peculiar and the atmospheric models are more uncer- 
tain. As a result, whenever possible, it is preferable to discuss young low-mass 
objects in terms of observational parameters that are likely to be correlated with 
mass and age, namely spectral types and gravity-sensitive spectral lines (Sec- 
tion E21 H3D . 
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3 FORMATION AT LOW MASSES 



3.1 Theory 

Several mecha nisms have been proposed for the formation of low-mass st ars and 
brown dwarfs (jBonnell. Larson fc Zinnecker 20071 ; IWhitworth et al. 20071 ) . They 
can be summarized as follows: 



1. 



Gravitational compression and fragmentation of gas in a massive collapsing 
core produces fragments over a wide range of masses. The tidal shear 
and high velocities within the cluster prevent the low- mass objects from 
accreting to stellar masses ( Bonnell. Clark fc Bate 20081 ). 



Dynamical interactions among fragments or protostars in a massive core 
lead to the ejec tion of some of them from the core, which prematurely halts 
their accretion feate 20091: feate fc Bonnell 20051: bate. Bonnell fc Bromm~2 002. 



2003 1: iBoss 200ll:lGoodwin Whitworth fc Ward-Thompson 20041 : iReipurth fc Clarke 2001 : 



Umbreit et al. 20051 ). 



Instead of ejection, photoionizing radiation from OB stars halts accre- 
tion by removing much of the envelope and disk of a low-mass protostar 
(jHester et al. 19961 . IWhitworth fc Zinnecker 20041 ). 

The gravitational fragmentation of massive circumstellar disks around stars 

produces low-mass companions. Some of these objects are ej ected through 

dynamical interactions with other companions or nearby stars (IBate fc Bonnell 20051: 

Bate. Bonnell fc Bromm 20021. l200.ilGoodwinfc Whitworth 20071: lOffner. Klein fc McKee 20081 : 



Offn er et al. 20091: iRice et al. 20031: IShen et al. 2010l:IStamatellos. Hubber "fc Whitworth 20071 : 
Stamatellos fc Whitworth 20091: IStamatellos et al. 201 ll; iThies et al. 20ld; 



Whitworth fc Stamatellos 20061 ). 

Turbulent compression and fragmentation of gas in a molecular cloud pro- 



duces collapsing cores over a wide range of masses (jElmegreen 201ll . lHennebelle fc Chabrier 20081 . 
Padoan fc Nordlund 20021 I2004T ). The mass of each core determines the 



mass of the resulting star. Low-mass stars and brown dwarfs arise from the 
smallest cores. 

Observations of low-mass stars and brown dwarfs that can potentially be used 
to test these theories include the shape of the low-mass IMF and its minimum 
mass, stellar multiplicity, spatial and kinematic distributions at birth, the preva- 
lence and sizes of circumstellar disks and envelopes, and the dependence of 
these properties on star-forming environment. The number and specificity of 
predictions for compariso n to these data vary considerably among the models. 
Reipurth fc Clarke f200l"h and lBate. Bonnell fc Bromm (20021 . l2003h have led in 
this respect, providing valuable motivation for a wide range of observational 
studies over the last decade. Unfortunately, when available, some of the predic- 
tions for a given property are rather similar, limiting the ability of observations 
to discriminate among models. For instance, nearly all of the newer models 
predict that the velocities of newborn stars and brown dwarfs are indistinguish- 
able, that brown dwarfs have low binary fractions, and that the IMF is roughly 
log-normal with a characteristic mass of ~ 0.5 M & . In addition, although pub- 
lished values for the minimum mass for opacity-limited fragmentation range from 
0.001-0.01 (IBate fc Bonnell 20051: IBate. Bonnell fc Bromm 20021: IBoss 19881: 



Bovd fc Whitworth 200.4 iLow fc Lvnden-Bell 19761 : iRees 19761 : ISilk 19771 : IWhitworth fc Stamatellos 2006 
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Whitworth et al. 20071 ) , a given set of models is often consistent with a fairly wide 
range of values. The dependence of the minimum mass on star-forming condi- 
tions may represent a better test of the models, but the number statistics available 
in young clusters will limit the accuracy of such measurements. Predictions do 
differ significantly for the frequency of wide binaries, the distribution of binary 
eccentricities, the ability of brown dwarfs to form in isolation, and the formation 
and survival of protostellar brown dwarfs. In the remainder of this section, we 
review the current observational constraints on these properties and the others 
mentioned above, and compare them to theoretical predictions. 



3.2 Initial Mass Function 

In this section, we summarize measurements of the IMF of low-mass stars and 

brown dwarfs in the solar neighborhood and the nearest youn g clusters and dis- 

cuss the insight they provide into the formation of these ob iects. lBastian. Covev Mever (20ld ) 
also have described some of these studies as a part of a larger review of evidence 
for variations in the IMF. 

3.2.1 SOLAR NEIGHBORHOOD AND GALACTIC DISK Measure- 
ments of the IMF are frequently characterized in terms of the power-law forms 
dN/dM oc M~ a or dN/dlogM oc M~ r , where a = T + 1 and the Salpeter value is 
a = 2.35. The mass function of stars in the solar neighborhood and the Galactic 
disk has been found to rise w ith a roughly Salpeter slope down to ~ 0.5 Mm, where 
it then flattens by Aa ~ 1.5 dBochanski et al. 2010):IChabrier 200ll:ICovev et al. 20081 : 



Deacon. Nelemans fc Hamblv 20081 : iKroupa 20021 : feeid. Gizis fc Hawlev 20021 ^. Sim- 
ilar IMFs have been measured in young clusters, as discussed in the next section. 

Since the photometric properties of field brown dwarfs are distinct from those 
of most low-mass stars, their mass function has been estimated through a sepa- 
rate set of surveys. Based on L and T dwarfs uncovered by wide-field surveys like 
2MASS, SDSS, and UKIDSS, the substellar mass function in the solar neighbor- 
hood exhibits a slope of a ~ (Allen. Koerner &; Reid 20051: Burningham et al. 2o"lol: 

Chabrier 20ol : iMetchev et al. 20081 : IPinfield et al. 20081 : iReid et al. 19991 : iBevle et al. 2010h . 
In comparison, slopes reported for young clusters tend to be near a ~ 0.5 
(Section I3.2.2H . This difference is probably not significant since the substellar 
mass functions in the field and clusters have been derived with different meth- 
ods and thus are subject to different systematic errors. There is no evidence 
of the surplus of brown dwarfs in the field compared to young clusters that is 
expected if brown dwarfs are born with much hig her space velocities than stars 
(jKroupa fc Bouvier 20oi iMoraux & Clarke 2003 ). 

The recent all- sky mid-IR imaging survey by the Wide-field Infrared Survey 
Explorer (WISE, IWright et al. 20ld ) offers an opportunity to further improve 
measurements of the substellar mass function in the field. Data from WISE have 
already been used to discover ~ 100 late T dwarfs (jKirkpatrick et al. 20111) and 



objects at even cooler temperatures, known as Y dwarfs (jCushing et al. 2011 



T c ff < 500 K). Brown dwarfs at T e g <^ 300 K are particularly valuable since their 
numbers are sen s itive to minimum masse s of the IMF in the range of 5-10 Mj up 
( Burgasser 2004 . Kirkpatrick et al. 201ll ). Only ~ 1 field brown dwarf of this 
kind has been found to date, but the WISE surveys are still ongoing and the 
statistical constraints on the minimum of the IMF should improve. 



16 



Kevin L. Luhman 



3.2.2 YOUNG CLUSTERS The surveys for low-mass stars and brown 
dwarfs in young open clusters and star-forming regions describe d in Sections 12.31 



and 12.41 h ave produced a large number of IMF measurements (e.g.jBarrado v Navascues. Stauffer JavawardI 



Beiar et al. 200ll:lBriceno et al. 20021: lLodieu. Dobbie fc Hamblv 201ll : lMoraux. Kroupa fc Bouvier 20041 : 
Slesnick. Hillenbrand Carpenter 20081 ). Most of the estimated IMFs are fairly 
similar with a ~ 0.5 at M ^ 0.2 M & . There have been a few reports of varia- 
tions among these data, but reliably detecting IMF variations requires that all 
of the IMFs subject to comparison have been 1) derived with the same evolu- 
tionary models, spectral classification system, and temperature scale, 2) assessed 
rigorously for completeness, and 3) measured from large enough fields to avoid 
effects of mass segregation. Claims of variations in low-mass IMFs also should be 
treated with skepticism unless they are evident in a direct comparison of the data 
(e.g., spectral types) on which the IMFs are based. Given these considerations, 
we find that the only significant va riation in published low-mass IMFs is th e 
unusually high peak mass in Taurus (|Briceho et al. 200l iLuhman et al. 2003bT ). 
This variation is illustrated in Figure which shows a comparison of spectral 
type distributi ons for representative samples of members o f Taurus, IC 348, and 
Chamaeleon I (jLuhman 20071 . ILuhman et al. 2009bl . l2003bT ) . The distributions in 
IC 348 and Chamaeleon I peak at M5 while Taurus exhibits a large surplus of 
K7-M1 stars (~ 0.8 M ). It would be quite interesting to measure distributions 
of spectral types with the same classification system and comparable complete- 
ness for additional clusters. Because of the narrow widths of the peaks at M5 in 
IC 348 and Chamaeleon I, it should be possible to detect fairly small variations in 
the spectral type of this peak (i.e., the IMF's characteristic mass) when compar- 
ing clusters at similar ages. In addition, a comparison of clusters across a range 
of ages (e.g., IC 348 vs. the Pleiades) could reveal how spectral type evolves 
with age for the mass corresponding to the maximum of the IMF, assuming that 
the IMF is invariant within the sample of clusters. Currently, the available spec- 
tral types for low-mass members of most clusters are not sufficiently numerous, 
representative, or uniformly measured for these experiments. 

The samples from Figure [5] for Taurus and Chamaeleon I are shown in terms 
of IMFs in Figure El w hich have been derived with the evolutionary models of 
Baraffe et al. (T998l7andlChabrier et al. ^OOObl'l. We also include mass functions 



for the Pleiades (jMoraux. Kroupa &; Bouvier 20041 ) and the field (jBochanski et al. 
see Section f3.2.1j) . As implied by the distributions of spectral types, the IMF in 
Taurus peaks at a higher mass than the IMF in Chamaeleon I and other young 
clusters. Meanwhile, the mass function in Chamaeleon I is roughly similar to 
those in the Pleiades and the field. It is not possible to attribute small differ- 
ences between Chamaeleon I, the Pleiades, and the field to true variations in 
the IMF since each population is subject to different systematic errors. Previous 
explanations for the unusually high peak mass in Taurus ha ve generally involved 
a higher average Jeans mass compared to other regions (IBriceho et al. 2002; 



2010, 



Goodwin. Whitworth k Ward-Thompson 20041 : lLada et al. 20081 : ILuhman 20043 : 
Luhman et al. 2003bl ). A recent numerical simulation of the formation of both 



distributed and clustered stars has a lso reproduced the v ariations in peak mass 
between Taurus and other clusters ( Bonnell et al. 201 ll ). However, the width 
of the IMF is predicted to be more narrow in a distributed population than in 
clusters, whereas the IMF in Taurus is as broad as IMFs in other regions. This 
suggests that the breadth of the IMF is not caused by dynamical interactions. As 
discussed in Sections 12.31 12.41 and l3.2.1"l surveys in the field and in young clusters 
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indicate that the IMF extends down to at least 0.01 M©. A small number of 
objects have been identified that may have even lower masses, but they have un- 
certain masses and sometimes are poorly characterized in terms of spectral type 
and age. Thus, current data are insufficient for a stringent test of the predictions 
of the minimum mass of the IMF. 

To search for variations in the substellar mass function, the ratio of the number 
of brown dwarfs to the number of stars is often compared among young clusters 
( Briceho et al. 20021 . Luhman et al. 2003b). Howeve r, this ratio is probably not a 



reliable diagnostic of such variations (jLuhman 20071 ) . Because of the close prox- 



imity of the IMF's peak to the hydrogen burning limit, the brown dwarf ratio is 
sensitive to true variations in the peak mass (which would not provide any specific 
insight into brown dwarfs) and false variations that stem from different choices 
of evolutionary models, mass indicators (photometry vs. spectral type), spec- 
tral classification schemes, and temperature scales. This r atio also can depen d 
on field size within a cluster because of mass segreg ation (|Muench et al. 2 003). 



Instead, it is better to characterize the low-mass IMF by its slope from the peak 
down to the completeness limit when comparing results from different studies 
since it is less susceptible to these systematic differences in mass estimates. As 
noted above, no significant variations in th ese slopes are apparent in published 
IMFs for young clusters {NbhIMmoj: ~ 0-2, lAndersen et al. 20061 ; iLuhman 20071 ; 



Slesnick. Hillenbrand Carpenter 20041 . references therein) . Since the mass func- 



tion of brown dwarfs is roughly the same regardless of the presence of O stars, we 
can conclude that halting of accretion by photoionizing radiation is not the dom- 
inant process that results in the formation of brown dwarfs. Similarly, Taurus 
has a very low stellar density, and yet it has produced a comparable abundance 
of brown dwarfs as much denser clusters like the Trapezium, indicating that dy- 
namical interactions are not essential for the formation of brown dwarfs. If brown 
dwarfs form predominantly in disks around solar-type stars, then the numbers of 
brown dwarfs and solar- type stars should scale together, but this is not seen in 
the comparison of Taurus to other clusters. Indeed, given the paucity of solar- 
mass (~K7) stars in most clusters (e.g., see IC 348 in Figure [5]), it seems unlikely 
that their disks have hosted the formation of a large fraction of low-mass stars 
and brown dwarfs. 

Finally, we note that the mass functions of pre-stellar cores in molecular clouds 
resemble the stellar IMF in terms of the Salpeter slope at high masses and the flat- 
tening at low masses, which has been taken as evidence that gravitational or tur- 
bulent fragmentation determines the mas ses of stars, and perhaps brown dwarfs 



(jAndre et al. 20101 . iRathborne et al. 20091 . references therein). However, whether 

a physical relat ionship truly exists between these mass functions remains a subject 

of debate (e.g. JChabrier k Hennebelle 20 id : [Michel. Kirk & Mvers 201ll : ISmith. Clark & Bonnell 2 009). 



3.3 Multiplicity 

The properties of multiple systems are influenced by both the process of star 
formation and dynamical interactions within and among stellar systems. Thus, 
measurements of multiplicity may shed light on the formation and early evolu- 
tion of low-mass stars and brown dwarfs. Since this topic has been reviewed by 



Burgasser et al. (20071 ) , we will focus on the new results since that review and the 
implications of the observed multiplicity properties for the proposed formation 
mechanisms. 
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Multiplicity at low masses has been studied in both the solar neighborhood and 
in young clusters. Each of the two populations has advantages. Binary properties 
can be measured down to smaller separations in the field while the youngest clus- 
ters allow us to characterize the primordial multiplicity properties and their de- 
pendence on star-forming conditions. For field stars and brown dwarfs, the binary 
fractions and average separations decreas e and the average mass ratios increase 



Basri Sz Reine 



s 200 fil.lBergfors et al. 201(1 



Duquennoy fc Mayor 1991 



(q = M^/Mi ) at l ower primary masses (e.k,-- 
Bouv et al. 200.1 iBurtrasser et al. 20031 . IClose et al. 200.1 _ 

Fischer & Marcv 19921 . Fi gure[7|). The change i n these properties with mas s ap- 
pears to be continuous rather than abrupt (e.g., Kraus &; Hillenbrand 20121 ). re- 
sembling the behavior of the IMF, accretion rates, a nd disk fractions (Sections l3.2l 
3.4p . Based on analysis by Burgasser et al. (20 03). it is unlikely that wide low- 



mass binaries have been disrupted while in the field, and instead the paucity of 
these systems is probably primordial or caused by dynamical interactions at very 
young ages (r <J 10 Myr). We can attempt to distinguish between these two 
possibilities by examining the multiplicity of low-mass members of nearby star- 
forming regions that have low stellar densities so that dynamical effects are mini- 
mized. The best available options are Taurus and Chamaeleon I. High-resolution 
imaging of the members of these regions has found that the frequency of wide 
binaries and th eir average separation decrease steadily from solar - mass s t ars to 
brown dwarfs (iKonopackv et al. 20071: iKraus Hillenbrand 20071. l2009al. 120121: 



Kraus et al. 2011bl : lKraus. White fc Hillenbrand 20061 : lLafreniere et al. 20081 : iNeuhauser et al. 20ol . 
K. Todorov, in preparation). The trend at low masses is illustrated in Figure \7\ 
where we plot the separations for binaries and the limits for unresolved sources 
versus spectral type from M4 to L0. The observed binary fractions from these 
data are 13/62 (21±|%) for M4-M6 and 5/74 (7±\%) for >M6, which apply to 
separations of > 5-10 AU. Although the average separation dec reases with later 
types, a few very wid e systems (> 100 AU) are present at >M6 ( Luhman 2004al . 
Luhman et al. 2009al ). Therefore, we conclude that part of the dependence of 
multiplicity on primary mass observed in the field is primordial, but dynamical 
interactions in denser clusters are probably also responsible for the small fre- 
quency of very wide binaries in the field. The role of environment can be exam- 
ined by considering additional star-forming regions. For instance, based on data 
similar to those obtained in Taurus and Chamaeleon I, mem bers of Upper Sep 



later than M6 have an observed bi nary fraction of 0/22 (< 8%. lBiller et al. 201 ll ; 
Kraus. White &; Hillenbrand 20058 ) . This measurement is lower than the value in 
Taurus, but the difference is not statistically significant. 

It would be desirable to closely compare multiplicity measurements between the 
field and star-forming regions to search for signs of dynamical evolution at ages 
of ;> 10 Myr. For such a comparison to be meaningful, the selected star-forming 
region should be representative of the birth places of most field stars. It is likely 
that the field has been populated predominantly by moderately rich clusters (JV > 
100) within giant molecular clouds that become OB asso ciations (e.g, Orion , 
Upper Sco) rather than small, loose aggregates (e.g., Taurus, Lada fe Lada 200*31 ). 
However, the number statistics for the low-mass binary measurements in Upper 
Sco are too low for a detailed comparison to the field, and measurements in dense 
clusters like the ONC are hampered by chance alignments of unrelated stars. 

A few sets of formation models have made specific predictions for the bi- 
nary properties of brown dwarfs. We can compare those predictions to ob- 
servations, which can be summarized as follows based on the field and cluster 
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data: brown dwarfs ha ve a binary fraction of 20-30% (jBasri k Reiners 20061 . 
Maxted k Jeffries 20051 ). most of the binaries are tight (<20 AU) and a few are 



very wide > 100 AU, and the mass ratios tend t o approach unity. Early models 
produced too few binari es and no wide systems (jBate. Bonnell k Bromm 20021 : 



Reipurth k C larke 2001] ) but newer calculatio n s are roughly consistent with th e 
data (|Bate 20091 . l20ll iBate k Bonnell 200.1 IStamatellos fc Whitworth 20091 ). 
The trends in mass ratio and m ean separat i on as a function of stellar mass are 
also qualitatively reproduced by IBate (200flLl2012h . However, it remains unclear 
whether any of these models can make wide binary brown dwarfs in the low- 
density c onditions in which th ey have been primarily found. The binary FU Tau 
(800 AU. lLuhman et al. 2009ah and the quadrup le containing 2MASS 04414489+2301513 
(1700 AU. iTodorov. Luhman k McLeod 201ol ) would seem difficult to explain 
with dynamical or disk fragmentation models given that they are both fragile 
and isolated. Finally, the distribution of eccentricities predicted by Bate (20091 ) 
is consistent with data for low-mass binaries in the field while the binaries from 



Stama tellos k Whitworth (2009) are weighted too heavily toward high eccentric- 
ities ( Dupuv k Liu 2011 . Konopackv et al. 2010l ). However, the initial orbital 
properties from these models could be altered by dynamical interactions, making 
it difficult to conclusively test formation scenarios with data from old binaries in 
the field. 



3.4 Circumstellar Disks 

Newborn stars experience much of their growth via accretion from circumstel- 
lar disks, and it has been proposed that brown dwarfs arise when this accretion 
is prematurely halted. As a result, observations of accretion and disks around 
young low-mass stars and brown dwarfs may prove useful in understanding their 
format ion. As with multiplic ity, this topic was reviewed in Protostars and Plan- 
ets V dLuhman et al. 2007dl ). so we will provide a summary of the observations 



that includes the latest results, and describe the implications for the formation 
theories. 

In the model of magnetospheric accretion, matter from a circumstellar disk 
falls onto a young star along its magnetic field lines. The impact of the ma- 
terial onto the stellar surface produces an accretion shock, which radiates at 
UV and optical wavelengths. The columns of material accreting onto a young 
star also emit hydrogen emission lines that are significantly stronger and broader 
than those from stellar chromospheres, offering an additional tracer of accretion. 
Because Ha is more easily observed in brown dwarfs than UV emission, line pro- 
files of Ha provided the first evidence of accretion for young low-mass objects 
( Jayawardhana. Mohanty k Basri 20021 : Muzerolle et al. 2000l). Additional ac - 



cretion diagnostics have inclu ded Ca II (Mohantv. Jayawardhana k Basri 20051 ). 
near-IR hydrogen tra nsitions ( Natta et al. 20041 ). and optical continuum veiling 



(|White k Basri 20031 ). Although they are more difficult to collect, measurements 



of UV excess emission have pr oduced the most direct estimates of accretion rates 
( Herczeg k Hillenbrand 20081 ). The resulting rates are correlated with those de- 



rived from Ha, but are systematically larger by a factor of several. The ac- 
cretion rates from these various diagnostics are correlated with stellar mass as 
M oc M 2 fo r the full range of masses across which they have been measured (M ~ 
0.02-2 M^.lHerczeg k Hillenbrand 20081: [Mohantv. Jayawardhana k Basri 20051 : 



Muzerolle et al. 20051 : iNatta. Testi k Randich 20061 ). although it has been sug- 



20 



Kevin L. Luhman 



gested that this appar ent correlation may be largely due to selection effects 
([Clarke &: Prin gle 200 61). If a dependence on stellar mass i s present, its ori- 
gin is unclear ( Hartmann et al. 20061 . Vorobvov Basu 20 09). Accretion rates 
in low-mass objects (and young stars in general) exhibit significant variability, 
which explai ns some of the scatter in the co rrelation between accretion rate and 
stellar mass ( Scholz Jayawardhana 20061 ). As with stars, outflows should be 
a natural byproduct of accretion onto brown dwarfs. Evidence of outflows from 
brown dwarfs has been detected in the form of e mission in optical forbidden 
lines and blue shifted absorption in permitted lines (iFernandez Comeron 2001 



Mohantv. Jayawardhana & Basri 20051 ; iMuzerolle et al. 20051 ; IWhite & Hillenbrand 20041 ) . 



A few of these outflo ws have been spatia. 



the forbidden lines (Whclan et al. 2005 



l y reso lved through spectro-astrometry of 
J2009J) and submillimeter interferometry 
201 ll ). Outflows also have been observed 



of CO emission ( Phan-Bao et al. 20081 . 
in low-mass protostars, as discussed in Section 13.51 

Circumstellar disks around young stars can be studied via their thermal and 
line emission at IR and millimeter wavelengths where they dominate the stel- 
lar photosphere. Some of the earliest detections of disks around young objects 
near an d below the hydrogen burn i ng limit were achieved through photometry at 
2 -3 urn (IJavawardhana et al. 20031 ; iLiu. Naiita Tokunaga 20031 ; iLuhman 19991 : 



Muench et al. 20001 ). However, because of their low luminosities, most low-mass 



stars and brown dwarfs do not heat their d isks sufficiently for s ignificant ex- 
cess emission to appear at those wavelengths ( Luhman et al. 20ld ). As a result, 
photometry at longer, mid-IR wavelengths is necessary for reliable detections 
of these relatively cool disks. The Infrared Astronomical Satellite (IRAS) mea- 
sure d mid-IR photometry for a few low-mass stars in sparse regions like Tau- 
rus ( Kenyon &; Hartmann 19951 ) and si milar data were collec t ed for some of the 
brightest young brown dwarfs by ISO (Comero n et a . 19981. iNatta et al. 20021 '! 
and large ground-based telescopes ( Apai et al. 2004 . Sterzik et al. 20041 )! The 
arrival of the Spitzer Space Telescope resulted in a breakthrough in surveys for 
disks around brown dwarfs (as well as stars in general). The unprecedented mid- 
IR sensitivity of Spitzer enabled detections of disks aro und the faintest and co olest 
known members of the nearest star-forming regions (jLuhman et al. 2005bh . In 
addition, it could perform these measurements for nearly all of the members of 
these regions because of its ability to efficiently map large areas of sky (ILuhman et al. 
references therein). The data from Spitzer have been used to measure the frac- 
tion of stars and brown dwarfs that harbor inner disks as a function of spectral 
type, which acts as a proxy for stellar mass. Figure [8] shows some of the best 
available disk fractions in terms of number statistics and co mpleteness at low 
masses, which apply to Taurus, Chamaeleon I, and IC 348 (ILada et al. 20061 . 



Luhman et al. 2005al . 120081 . I2OI0I iMuench et al. 20071 s ) . We also include new disk 



2010, 



fractions for Upper Sco based o n WISE photometry (K. Luhman, in preparation, 
see also Carpenter et al. 20061 ). In these data, disks remain common in star- 
forming regions down to the least massive known members (~ 0.01 M@). In fact, 
the evolution of these disk fractions with age from the youngest to oldest region 
indicates that the lifetimes of disks around low-mass stars and brown dwarfs are 
longer than those of more massive stars. The first hints of the potential longevity 
of disks at low stellar masses were provided by the detections of disks around two 
of the brown dwarfs in TWA ( Mohantv. Jayawardhana &; Barrado v Navascues 20031 ; 
Morrow et al. 20081 : lm"az Gizis 20081 : ISterzik et al. 20041 ). 



A number of studies have sought to characterize the physical properties of 
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the circumstellar disks identified in the Spitzer surveys. The radii of most disks 
around young stars cannot be directly measured with current technology. How- 
ever, if a disk is viewed nearly edge-on, it can occult the star and be detected in 
scattered light. Usin g a combination of Sp itzer spectroscopy and high-resolution 
imaging from HST, iLuhman et al. detected an edge-on disk around a 

young brown dwarf in Taurus and were able to estimate a disk radius of 20- 
40 AU. SEDs of young stars do not normally provide good constraints on disk 
radii because of degeneracies between radius and other parameters in disk mod- 
els, but the circumprimary disk of the brown dwarf 2MASS J04414489+2301513 
appears to be so s mall (R = 0.2-0.3 AU) that the degeneracies are minimal 
(|Adame et al. 201 ll ). The small size of t his disk may be due to truncation b y its 
secondary (M ~ 5-10 M Jup , a = 15 AU. lTodorov. Luhman fe McLeod 201oh . No 
other measurements of disk radii are available for young brown dwarfs. Masses 
have been measured for sma ll samples of young low-mass objects through far-IR 
and millimeter observations (lHarvev et al. 2011 ; Klein et al. 2003 ; Mohantv et al. 



20121 : 



Scholz. Javawardhana k Wood 20061 ). which have produced values of 1 Mj up 



assuming a standard gas-to-dust ratio of 100. Based on modelin g of SEDs, the ge- 
ometries of brown dwarf disks range from fla red to relatively flat (jApai et al. 20041 . 
Mohantv et al. 2004al . [Natta k Testi 20011 ). which are believed to correspond to 
varying degrees of dust grain growth and settling. Spitzer spectroscopy of the 
10 /um silicate emission feature has provided direct ev i dence of dust proce ssing and 

the production of crystalline grains (jApai et ah 20051. iFurlan et al. 20051). The sil- 

icate feature is weaker at later spectral types (IFurlan et al. 201ll . lKessler-Silacci et al. 20071 . 
Morrow et al. 20081 . IScholz et al. 20071 ). indicating that grain growth may occur 
faster in disks around brown dwarfs than in disks around stars. The disks of low- 
mass stars and brown dwarfs may also diff er from those of solar- type stars in terms 
of their abundances of organic molecules ( Pascucci et al. 20091 ). The evolution of 
disks may depend on stellar mass as well; disks with inner ho les, known as tran 



sitional disks, have b een uncovered around low-mass objects (IFurlan et al. 2011 



Muzerol 



e et al. 20061). but it appears that they are less common at lower stellar 



masses dMuzerolle et al. 20ld ). 



In all of the proposed formation mechanisms from Section I3.1| brown dwarfs 
harbor accretion disks when they are born. Some of the models suggest that 
brown dwarfs have low masses because dynamical interactions ended accretion 
early, but few concrete predictions have been made regarding disk properties. As 
a result, all of the models are technically consistent with all of the observations 
of brown dwarf disks, such as the continuity of accretion rates and disk fractions 
from solar-type stars to brown dwarfs. The ejection models do predict t hat brown 
dwarf disks will have radii of £ 10 AU (iBate. Bonnell k Bromm 20031 ). but they 
allow for a few somewhat larger disks ( Bate 20091 ) . and thus are consistent with 
the 20-40 AU disk in the edge-on system mentioned above. The measurements of 
disks around low-mass stars and brown dwarfs described in this section provide 
valuable constraints on the stellar mass dependence of the physics of accretion, 
disk evolution, and planet formation, but unfortunately they have not offered 
direct tests of the possible formation mechanisms for brown dwarfs. 



3.5 Protostars 



All of the proposed formation mechanisms for brown dwarfs occur during ei- 
ther cloud fragmentation or the protostellar phase. Thus, observations of the 
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youngest progenitors of low-mass stars and brown dwarfs should provide direct 
constraints on the formation models. For instance, brown dwarfs that form by 
disk fragmentation or ejection should never appear as isolated protostars. 

A defining characteristic of a protostar is the presence of both an accretion 
disk and an infalling envelope. Protostars are often designated as class or class 
I based on their SEDs, where class is redder and presumabl y less evolved than 
class I (jAndre. Ward-Thompson Barsony 19931 : lLada 19871 ) . The all-sky mid- 
IR data from IRAS enabled the first comprehensive surveys for protostars, which 
uncovered a few class I candidates with spectral types as late as ~M5 (M ~ 
0.15 M ), such as IRAS 04158+2805, IRAS 04248+2612, and IRAS 04489+3042 
in Taurus ( Kenvon &: Hartmann 19951 ). The class I nature of these objects has 
been confirmed by the detec tions of envelopes ( Andrews et al. 2008 . Furlan et al. 2005 
White <fe Hillenbrand 20041 ). High-resolution images from HST of the protostar 



IRAS 04325+2402 h ave revealed a faint nebulous companion that could be a 
class I brown dwarf ( Hartmann et al. 19991 . Scholz et al. 20 08). although confir- 
mation via mid-IR observations is not currently possible because of its small 
separation from the primary. 

To identify free-floating protostellar brown dwarfs, sensitive wide-field mid-IR 
images are necessary, and the first data of this kind became available via the 
Spitzer Space Telescope, as mentioned previously in this review. Surveys for 
low-mass protostars have been conducted by either obtaining Spitzer images of 
samples of molecular cloud cores, often selected based on the absence of pre- 
viously detected stars ("starless" cores), or searching for candidate protostars 
anywhere in the Spitzer images of a st ar-forming region re gardless of the avail- 
ability of previous detections of cores ( Dunham et al. 20081 ). In both cases, the 
candidates must be confirmed as protostars associated with the target molecular 
cloud. For class sources, a comm only employed sign ature of cloud member- 
ship is the presence of an outflow (jBourke et al. 20051 ). Since they have less 
obscuration, class I candidates are often bright enough at near-IR wavelengths 
for spectroscopy to verify that they are young brown dwarfs rather than galax- 
ies ( Luhman &: Mamajek 2o"lol ). It is also necessary to detect the envelopes of 
class I objects since the SEDs of class II sources (star+disk) can resemble class I 
SEDs if they are highly red dened, as in the case of the Taurus br own dwarf 
2MASS J04194657+2712552 (jFirlan et al. 201ll . lLuhman et al. 20o"9bh . To date, 

Spitzer surveys have identified more than a dozen candidate class sources with 

luminosities that are indicative of young brown dwar fs (L < 0.1 L^.lDunham et al. 20081). 
several of which have been confirmed as protostellar (Bour ke et al. 20061 . iDunham et al. 20061 . 
201CL iKauffmann et al. 201ll . iLee et al. 20091 1 Young et al. 2004h. Some of these 



objects may eventually accrete enough to become stars ( Dunham et al. 20 id ) 
while others seem des tined to remain substellar given their small accretion reser- 
voirs ( Lee et al. 20091 ). The existence of isolated protostellar brown dwarfs would 
indicate that the dynamical interactions, fragmentation in disks, and photoioniz- 
ing radiation from massive stars are not essential for the formation of free-floating 
brown dwarfs. 



3.6 Kinematics and Positions at Birth 

Since dynamical interactions play a central role in some of the proposed formation 
mechanisms for low-mass stars and brown dwarfs, the observed kinematic and 
spatial distributions of these objects can provide tests of the models. For instance, 
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some of the earlier ejection models predicted that brown dwarfs are born wi th 
higher velocities than stars (jKroupa &: Bouvier 20031 . iReipurth fc Clarke 200lj ). 

Radial velocities have been measured for only small samples of late-type mem- 
bers of star-forming regions, but the available data indicate that young stars and 
brown dwarfs have similar velocity di s persions ( Joergens 20061 : Joergens &; Guenther 2001 
Kurosawa. Harries fc Littlefair 20061 : I White fc Basri 2 003). Brown dwarfs also 



share the same spatial distributions as stars in Taurus and Chamaeleon I, whereas 

they should be more widely distributed if they are born with higher velocities 

(|Guieu et al. 20061 : iLuhman 20061 . 120071 : IParker et al. 201 ll : ISlesnick. Carpenter Hillenbrand 20061 ) . 
These results are consistent with most of the latest theories for the formation of 
brown dwarfs. 

Both the ejection models and the disk fragmentation models require the pres- 
ence of stars to produce brown dwarfs since stars facilitate the dynamical inter- 
actions that lead to ejection and act as the hosts of the fragmenting disks. As 
a result, it should not be possible for brown dwarfs to form in isolation if either 
of these mechanisms is required for their formation. Taurus is the best site for 
identifying brown dwarfs that are likely to have been born alone, and thus testing 
this prediction, since it is one of the richest nearby star-forming regions (~ 400 
members) as well as one of the most sparsely distributed (n ~ 1-10 pc~ 3 ). The 
components of the wide binary FU Tau are the clear est examples of brown dwarfs 
in Taurus that have been born in relative isolation (jLuhman et al. 2009al ). They 
are projected against the center of the Barnard 215 dark cloud, which is their 
likely birth place. Only one other known member of Taurus, FT Tau, is found 
within 0.5° of this system. The fact that FU Tau A and B were born in the ab- 
sence of stars indicates that dynamical processes and disk fragmentation played 
no role in their formation. The probable protostellar brown dwarfs described 
in Section 13.51 also have few neighboring stars and may be younger analogs of 
FU Tau. 



4 EARLY STELLAR EVOLUTION AT LOW MASSES 
4.1 Theory 

The early evolution of low-mass stars and brown dwarfs (r ^ 100 Myr) can be 
characterized largely in terms of the change in bolometric luminosity, effective 
temperature, radius, and angular momentum over time for a given stellar mass. 
Theoretical models of stellar interiors and atmospheres have made predictions 
for the evolution of the first three parameters while other structures (e.g., winds, 
disks) may lead to loss of angular momentum. The basic ingredients of modern 
evolutionary and atmospheric models for l ow-mass stars and brown dwarfs have 
been reviewed by Allard et al. (1997 ) and Chabrier k, Baraffe (2000h . Over the 



last decade, the possible effects of additional processes have been explored and 
some of the major results can be summarized as follows: 

1. Magnitudes and colors produced by evolutionary models are sensitive to 
uncertainties in molecular line lists and opacities, but lumin osities and tem- 
peratures are not affected significantly ( Baraffe et al. 20021 ). 



Evolutionary tracks on the H-R diagr am for a given mas s are sensitive to 
the initial radius for ages of £ 1 Myr (jBaraffe et al. 20021 ). 



3. The predicted temperature for a given mass and age and the change in 



24 



Kevin L. Luhman 



temperature over time (i.e., verticality of mass t racks) depend on th e choice 
of mixing length, particularly at younger ages ( Baraffe et al. 2 002) 



The radius and luminosity may be influenced by previous episodes of intense 
accretion for ages up to ~ 10 Myr. The direction of this change is deter- 
mine d by whether thermal energy from the accreting matter is added to the 
star (Baraffe. Chabrier fe Gallardo 20091 ; Hartmann. Cassen &: Kenvon 1997 ; 



Hosokawa. Qffner Krumholz 201ll ). 



The presence of strong magnetic fields and hea vily spotted surfaces may re- 

suit in a larger radius and a c ooler temperature (jChabrier. Gallardo &: Baraffe 20071 ; 
MacDonald k Mullan 20091 ) . 



Unstable modes with timescale s of 1-5 hours may occur during deuterium 
burning (IPalla fc Baraffe 20051 ). 



To test the accuracy of the standard models for the early evolution of low-mass 
objects in light of the above possible complications, we describe in this section 
observational constraints on the evolution of angular momentum, temperature, 
luminosity, and radius from ~1-100 Myr provided by measurements of rotation, 
dynamical masses, and empirical isochrones on the H-R diagram. 



4.2 Rotation 

Much of the early work on the angular momentum evolution of young stars fo- 
cused on rot ational velocities measured from high-resolution spectra of absorption 
line profiles ( Bouvier et al. 1986 . Hartmann et al. 19861 . Stauffer fc Hartmann 19861 ). 
Because of the development of wide-field optical cameras in the 1990's, it became 
more efficient to trace angular momentum via rotation periods (in compact clus- 
ters), which can be measured from the photometric modulations caused by the 
rotation of spotted stellar surfaces. Rotation periods are now available for thou- 
sands of cluste r members, includi ng an increasing number of low-mass stars and 
brown dwarfs ( Herbst et al. 20071 ). 

For stars at ages of a few Myr, the largest studies of r otation periods have been 
conducted in the ONC and NGC 2264 ( r ~ 1 and 2 Mvr.lHerbst. Bailer- Jones fc Mundt 2001 



Herbst et al. 20021 : lLamm et al. 20051 . 120041 : IStassun et al. 19991 ). In anv given 
mass range, stars in these clusters exhibit a broad distribution of periods, and 
hence angular momenta, covering a factor of 30 or more. The origin of a breadth 
of this kind at such young ages is unknown si nce rotation measu rements at ear- 
lier, protostellar stages are difficult to obtain ( Covey et al. 20051 ). For masses of 
0.4-1.5 Mq, the periods range from 0.6-20 days and have a bimodal distribution. 
Stars at lower masses rotate more rapidly on average and show a single peak in 
their period distribution. Although rotation periods are shorter at lower masses, 
the specific angular momentum remains roughly constant. These trends appear to 
continue into substellar masses, where young brown dwarfs rotate with periods of 
< 1 dav (ICodv Hillenbrand 2010l:lRodriguez-Ledesma. Mundt & Eisloffel 20091 : 
Scholz Eisloffel 20051 ). IScholz Eisloffel f2005l ) suggested that some voung 
low-mass objects rotate near 100% of the bre ak-up period based on a small sam- 
ple in e Ori, but ICodv fc Hillenbrand (2p"lol ) found that the maximum rotation 
period is 40% of break-up in a larger sample in a Ori. The fraction of low-mass 
stars and brown dwarfs that show periodic variability is lower than the frac- 
tion f or solar- type stars, probab ly because of weaker magnetic fields and fewer 
spots (|Codv & Hillenbrand 201ol ). In addition to measuring rotation periods, the 
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photometric monitoring of Cody <fe Hillenbrand (201C . 201 ll ) found no evidence 



that young brown dwa rfs undergo pulsations from the instabilities examined by 
Palla & Baraffe f 20051 ). 



To explain the presence of slowly rotating stars at ages of only a few Myr, 
it has been proposed that a young star can lose angular momentum by trans- 
ferring it to a circ umstellar disk via the stellar magnetic field ("disk locking", 



Herbst et al. 2007I . references therein). If this mechanism is valid, then slow rota- 
tors should show a higher frequency of disks. This prediction was tested initially 
with ground-based near-IR measurements of disk excesses, but mid-IR data from 
the Spitzer Space Telescope have enabled more conclusive tests, particularly for 
low-mass stars and brown dwarfs, whose disks often lack noticeable near-IR ex- 
cesses. Among solar-type stars, slow rotators do show a hi gher frequency of disks , 



supporting the di sk locking theory in this mass range (jCieza Baliber 2007 



Rebull et al. 20061 ) . For low-mass stars, some studies have found evidence for a 



connection between rotation and disks (Rebull et al. 20061) wh ile others have not 



(|Codv fc Hillenbrand 201ol : iLe Blanc. Covev fc Stassun 201 lh . Thus, disk lock- 



ing may be less efficient at lower stellar masses. 

Rotation measurements have been compared among clusters across a wide 
range of ages to characterize the degree of angular momentum loss over time. 

Solar-type stars rotate progressively faster on average from the O NC to NGC 2264 

to the zero age main sequence in the Pleiades, IC 2602, and a Per (jHerbst Mundt 20051 ). 



The specific angular momentum changes little over time for the faster rotators 
while stars that rotate slowly at ages of a few Myr seem to experience additional 
breaking. Meanwhile, the evolution of low-mass stars is more closely described 
by conservation of angular momentum with only exponential wind breaking 
(IScholz fc Eisloffel 20041 : ISills. Pinsonneault fc Terndrup 200ol : iTerndrup et al. 20001 ) . 



Few rotational data are available for brown dwarfs near ages of ~100 Myr for 
comparison to younger counterparts. Measurements for older brown dwarfs in the 

field indic ate that they do eventually spin down, but on much longer timescales 

than stars dBlake. Charbonneau k, Russel 20ld: Irwin et al. 2011 : Mqhantv &: Basri 2003 ; 



Reiners fc Basri 20081 : IScholz et al. 201ll : IZapatero Osorio et al. 20061 ). This trend 



of decreasing angular momentum losses at lower masses has been attributed to 
changes in the mechanisms of magnetic field generation from solar-type stars to 
fully convective low-mass stars and brown dwarfs and the reduced coupling of 
atmospheres and magnetic fields at lower temperatures. 

4.3 Dynamical Masses 

The luminosity, temperature, and radius predicted by evolutionary models for a 
given mass and age can be tested by comparison to the observed properties of stars 
and brown dwarfs whose masses are known independently from dynamical mea- 
surements. Binary systems are the most common source of dynamical masses, but 
it also has been possible to estimate the mas ses of a few young stars via the rota - 
tional velocities of their circumstellar disks (jSimon. Dutrev &: Guilloteau 200ol ). 
Dynamical masses have been measured for a few dozen pre- main-sequence stars, 
and compilations of these data have been used to characterize the sizes of sys- 
tematic errors in various sets of models and the possible sources of those errors 

(|Baraffe et al. 2001 Ifflllenbrand & White 20ol . iLuhman et al. 2003bl . iMathieu et al. 20071 ) . 



We now examine the model constraints provided by the small number of young 
low-mass stars and brown dwarfs for which dynamical data are available. These 
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obje cts consist of two eclipsing binaries in the ONC, JW 380 (0.15 and 0.26 



M^.llrwin et al. 200711 and 2MASS J05352184-0546085 (0.0366 and 0.0572 M, 



Gomez Maqueo Chew et al. 2009: 



troscopic binary PP1 15 (q = 0.85, 



Stassun. Mathieu fc Valenti 20061 ^1 . the spec 



Basri & Martin 1999), and the resolved com- 



mca- 



panion AB Dor C (0.09 Af B , IClose et al. 200.4 iGuirado et al. 20061 ). The 
sured radii of the components of JW 380 are consistent wi th the values predicted 
by most models for an age of a few Myr ( Irwin et al. 20071 ). We have measured a 
spectral type of M4.5 from an o ptical spectrum of the system. When combined 
w ith the temperature scale from Luhman et al. (2003bl ) and the 1 Myr isochrone 
of Baraffe et al. (1998h . this classification implies a mass of ~ 0.2 M , which falls 
between the dynamical masses of the components as it should. Thus, the data for 
JW 380 suggest that the IMFs for star-forming clusters that are based primarily 
on spectral types, like those in Figure [U do not have large systematic errors near 
0.2 Mq. JW 380 also confirms that the peak in the spectral type distributions 
for star-forming regions corresponds to a mass of ~ 0.15 Mq (Figure [5]). 

Like JW 380, the radii of the components of 2MASS J05352184-0546085 (here- 
after 2M 053 5-0546) are in rough agreement with t he predictions of evolution- 
ary models (jStassun. Mathieu Valenti 20061. 120071). A spectral typ e of M6.5 
has been estimated for the primary (jStassun. Mathieu Valenti 20061 ) while we 
classify a spectrum of the combined system as M6.75. Thus, this system has 
confirmed that newborn brown dwarfs are as large and warm as old low-mass 
stars. However, the eclipse data have shown that the primary is warmer than 
the secondary, which is contrary to the expectations of standard evolutionary 
models. It has been suggested that the primary may be unusually cool (and 
large) for its mass because of a strong surface magnetic field and /or a large 
spot coverage dChabrier. Gallardo & Baraffe 20071 : iMacDonald fc Mullan 20091 : 



Stassun. Mathieu &: Valenti 20071 ). The primary rotates faster than the sec - 



ondary and exhibits stronger chromospheric Ha emission (|Reiners et al. 20071 ) 
which suggests that it is indeed magnetically active. Low-mass stars in tight 
eclipsing binaries in the fiel d also tend to be coo ler and larger than expected based 
on theoretical predictions ( Morales et al. 20091 . references therein). A magnetic 
origin for this anomaly is supported by recent studies indic ating that the radii of 



stars in wider binar ies are less inflated relative to the models (jCoughlin et al. 2011 



Kraus et al. 2011ah and that single rapid rotators and active stars may be cooler 



and larger than normal ( Jackson. Jeffries &: Maxted 20091 : Morales. Ribas &: Jordi 20081 ). 
If this explanation for the temperature reversal of 2M 0535-0546 is correct, 
then the spectral types of young brown dwarfs may be altered by the pres- 
ence of activity, leading to errors in the mass estimates of individual objects 
( Mohantv. Stassun &; Mathieu 20091 ) . We discuss the implications of this source 
of error on measurements of the IMF in Section 14.51 Additional tests of the evo- 
lutionary models at young ages and low masses should soon be available via new 



eclipsing binaries that have been recently discovered in the ONC (jMorales-Calderon et al. 2011 
Morales-Calderon, in preparation). 

Since the age of AB Dor is simila r to that of the Pleiades (r = 75-150 Myr, 
Luhman. Stauffer &; Mamaiek 20051 ). it is useful to discuss AB Dor C and PP1 15 



together. As with JW 380 and 2M 0535-0546, we can use AB Dor C and PP1 15 
to help calibrate the relation between mass and spectral typ e, but now at an 
age of ~ 100 Myr. AB D or C has been classified as M5.5-M6 (jClose et al. 20071 . 



Luhman fe Potter 20061') and the comp onents of PP1 15 likely have spectral types 



of M6 and M7 dBasri fc Martin 1993 ). Since the dynamical measurements of 
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PP1 15 have provided only a mass ratio rather than individual masses, we in- 
stead make use of the up per mass limit of 0.1 for each component derive d 
from the presence of Li (jBasri. Marcv k Graham 19961 : iBasri k Martin 1999T ). 
The mass constraints for AB Dor C and PP1 15 combined with their spec- 
tral types suggest that the hydrogen burning limit occurs near M6 at ages of 
~ 100 Myr, whi ch is consistent with t he temperature predicted by evolution- 
ary m odels fe.g.. Iciiabrier et al. 20009 ) for a reasonable choice of temperature 
scale ( Luhman 19991 ). The near-IR absolute m agnitudes of AB Dor C are also 
consistent with the values predicted for its age ( Boccaletti et al. 20081 ). 

Finally, we note that significant progress has been made over the last few years 
in measu rements of dynam i cal masses for low-mas s stars and brown dwarfs in 
the field (|Duduv et al. 20ld . lKo"nopackv et al. 20101 ). These data are valuable for 
testing models of older brown dwarfs (r ^ 0.5 Gyr), but the results of those tests 
are not directly relevant to the early evolution of low-mass objects since the likely 
sources of error in the models differ between different regimes of temperature and 
age. 



4.4 Hertzsprung-Russell Diagram 

Empirical isochrones formed by the members of multiple systems and young clus- 
ters have long been used to assess the validity of theoretical isochrones. This test 
has been applied to young low-mass objects in star-forming regions down to spec - 
tral types of M9 (|Kraus k Hillenbrand 20"p9bl . iLuhman 2004al . lWhite et al. 19991 ) . 
revealing relati yely good agreemen t between the empirical isochrones and some 
sets of models ( Baraffe et al. 19981). particularly when flex ibility in the tempera- 
ture scale is allowed ( Luhman 19991 . Luhman et al. 2003bl . Section I2.5.2j) . In this 
section, we expand this work to later types and older ages by considering the 
best available samples of objects later than M6 and younger than <^ 100 Myr. 
By doing so, we hope to more fully illuminate the evolutionary paths taken by 
young, low- mass objects. 

To display the early evolution of low-mass stars and brown dwarfs, we plot 
objects on a diagram of Mk s versus spectral type. We use an H-R diagram in 
terms of observed properties rather than temperature and luminosity to preserve 
the data in their original form and to avoid the uncertainties associated with 
estimates of temperature and luminosity. Spectral type is the best observational 
proxy for temperature, and it can be measured quite precisely with the proper 
data and methods. Among the standard broad-band filters, we use Mk s as a 
substitute for luminosity because, in this band, excess emission from disks around 
late-type objects is negligible and extinction is low. Mk s should also be a better 
choice than bands at shorter wavelengths since the near-IR colors of young objects 
become unusually red at the latest types (Section I2.5.4H . 

For our H-R diagram, we have selected young populations in which the known 
members extend to spectral types of ;>L0. This sample consists of Taurus 
(r ~ 1 Myr), Chamaeleon (r ~ 2-3 Myr), TWA (r ~ 10 Myr), Upper Sco (r ~ 
12 Myr), and the Pleiades (r ~ 100-125 Myr, see Sections E31 E3| . We also in- 
clude young field dwarfs and young companions for which accurate spect ral types 
and parallaxes are available. The former are from lFahertv et al. f2012l ) and the 
latter consist of the previously discuss ed companions 2M 12 7-3932 B, HR 8799 b , 
and HN Peg B, as well as AB Pic B dBonnefov et al. 2010l . IChauvin et al. 20051 ) 
and HD 203030 B (|Metchev k Hillenbrand 20061 ). G 196-3 B is another compan- 
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ion that is cool, young, and well-studied ( Zapatero Osorio et al. 201ol ). but it is 
excluded since it lacks a parallax measurement. Similarly, we consider only the 
members of TWA that have parallax data. The H-R diagram for these popula- 
tions is shown in FigureEJ We have attempted to ensure that the adopted spectral 
types are on the same classification system, and have reclassified a few objects 
with spectra from the literature and our unpublished data. We have also omitted 
sources that appear to have uncertain spectral types or membership. Most of the 
photometry is from 2MASS and UKIDSS, and no correction has been made for 
known binaries that are unresolved in those images. For comparison, we include 
in Figure [9] a fit to the sequence of M, L, and T dwarfs in the field (r > 1 Gyr, 



Fahertv et al. 2012T ). 



In analyzing the cluster sequences, we begin by examining their thicknesses 
in Mk 3 - The sequences for Taurus, Chamaeleon, and Upper Sco have widths of 
1-2 mag in Mk s at a given spectral type while the Pleiades sequence is much 
more narrow, and most of its bright outliers are known binaries. Large vertical 
spreads are universally seen at higher mass as well for star- forming regions, and 
have been primarily attributed to either a wide distribution of ages or observa- 
tional uncertainties (jHartmann 200 ll . iPalla &: Stahler 20021 ). The latter should 
be minimized in our H-R diagram since the photometry is fairly accurate in most 
cases, extinction errors are small in the K s band, many of the spectral types 
have been measured in the same manner, disk emission is negligible, and there 
is little if any contamination from non-members. Unresolved binaries can intro- 
duce a spread of 0.75 mag and the large diameters of Taurus and Upper Sco 
correspond to a range of ~0.35 mag in the distance moduli of their members. 
The sequences seem somewhat thicker than expected from these effects alone, 
so it is possible that a significant spread of Mk s is truly present. If so, it may 
reflect a spread in radii rather than ages. For instance, the ON C appears to 
exhibit a wide dist ribution of radii that is not attributable to ages (IJeffries 20071 . 



Jeffries et al. 201 if), and instead may be caused by differences in accretion histo- 



ries tearaffe. Chabrier fc Gallardp 20091: Littlefair et al. 2011 ), althoug h this in- 
terpretation has been challenged ( Hosokawa. Offner fc Krumholz 20 111 ). The ob- 
servation that members of binaries in Taurus are more coeval on the H-R diagram 
than random pairs of Taurus members suggests that at l east a small portion of the 
luminosity spread in this region is due to a range of ages (IKraus fc Hillenbrand 2009bl . 
White fc Ghez 20011 ). 



The comparison of cluster sequences in Figure [9] provides a test of some of 
the basic predictions for the early evolution of low-mass objects. For instance, 
theoretical isochrones and mass tracks converge into one narrow sequence below 
~1500 K since at these temperatures all brown dwarfs are predicted to have 
similar radii, even th e younger ones ( Baraffe et al. 19981 . Burrows et al. 1997 . 
Chabrier et al. 2000bf ). Indeed, this feature is evident in Figure [9l where the 



cluster sequences steadily converge from earlier to later spectral types, eventu- 
ally approaching the sequence for field dwarfs. Although the temperature scale 
for young brown dwarfs is uncertain, particularly at later types (see below), it 
is useful to attempt a quantitative comparison to the predicted luminosity evo- 
lution. From Taurus to the Pleiades, the median sequences fade by ~ 3.5 and 
1 mag in Mk s at M7 and L0, respectively, which is consistent with the predicted 
changes in luminosity from 1-100 Myr for 2900 and 2200 K. 

The behavior of the coolest objects in Figure [9] is quite peculiar. With the 
exception of the members of star-forming regions, young sources later than M9 
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fall on or below the sequence for field dwarfs, which is unexpected since young 
brown dwarfs should always be brighter than older ones at a given temper- 
ature. A number of studies have separately stumbled across the underlumi- 
nous nature of objects in Figure Based on their unusually red colors (Sec- 
tion I2.5.4P and their temperatures estimated from model spectra, 2M 1207- 
3932 B and the com panions to HR 8799 appear below theor etical isochrones for 
their expected ages (jBowler et al. 201(1 iMohantv et al. 20071 ). HD 203030 B and 
HN Peg B have been reported to be cooler than field dwarfs w ith the same spec- 
tral types ( Luhman et al. 2007a . Metchev &: Hillenbrand 20 06). which is equiva- 
lent to saying that, if they have the same temperature as field dwarfs with the 
same types, then they are too faint for their youth (i.e., underluminous). The 

presence of this common anomaly has been recognized for subsets of these obiects 

(iBowler et al. 20ld;ICurrie et al ^ 20 111 ; iMetchev. Marois k Zuckerman 2o"()9l ; lskemer et al. 201 ll ) . 
Metchev. Marois &: Zuckerman (2009) and Bowler et al. (2010) attributed it to a 



gravity dependence of the temperature of the L/T transition, but Figure M shows 
that earlier L dwarfs appear underluminous as well. Meanwhile. ICurrie et al (201ll ) 
suggested that the origin of this property is related to th e planetary nature o f 
the companions. Through their work on young field dwarfs, iFahertv et al. f2012l l 
realized that these young companions and young L dwarfs are both unusually 
red in near-IR bands and appear to be underluminous, concluding that their 
youth is the source of these characteristics. We now add to the objects that fol- 
low this pattern by noting that the sequences for young clusters like Taurus and 
Chamaeleon become underluminous relative to theoretical isochrones for spectral 
types later than M9 (jLuhman et al. 2009bl . iLuhman Muench 20081 ). 

The underluminous positions of young objects in Figure [9] and other varieties 
of H-R diagrams can be partially explained by the fact that the near- to mid-IR 
colors of young objects later than M9 are redder than those of their field coun- 
terparts, and thus do not have the same bolometric corrections (Section 12.5.4)) . 
It is also likely that the temperature scale for young L and T dwarfs is signifi- 
cantly coole r than that of field d warfs. The latter explanation is supported by 
the work of Barman et al. (2011al jbl) , who were able to successfully fit the SEDs 
of HR 8799 b and 2M 1207-3932 B with models of low-gravity, cloudy atmo- 
spheres that experience non-equilibrium chemistry. According to their models, 
a much lower temperature is needed for methane absorption to appear in young 
objects than in field dwarfs. As a result, iBarman et al. f2011bh suggested that 
only extremely low-mass members of star-forming regions should be cool enough 
to exhibit methane and appear as T dwarfs. 

Although the data in Figure [9] reveal a systematic pattern in the photometric 
properties of young L dwarfs, we point out one anomalous aspect. All of the young 
L dwarfs from the field have gravity-sensitive lines that are indicative of ages of <^ 
100 Myr, so it is unclear why two of the L0 dwarfs appear well below the Pleiades 
sequence. In fact, one of these objects, 2MASS J0 0325584-4405058, has been clas- 
sified as L05, which suggests an age of ~ 10 Myr (jCruz. Kirkpatrick &: Burgasser 20 09). 
A similar, yet smaller, discrepancy is present for AB Pic B, which is believed to 
have an age of 30 Myr but is slightly fainter than its counterpart in the Pleiades. 
It would be interesting to directly compare spectra of the various objects near L0 
to verify that they have the same spectral types, determine their relative surface 
gravities, and assess whether the latter are consistent with their relative absolute 
magnitudes. 



30 



Kevin L. Luhman 



4.5 Accuracy of IMF Measurements in Young Clusters 

Given the possible errors in evolutionary models described in the previous sec- 
tions, it is useful to discuss the resulting implications for IMF estimates in young 
clusters. Since very few cluster members have been spectroscopically confirmed 
at types later than M9, the errors in bolometric corrections and temperature 
scales described earlier for young L dwarfs have little impact on previous IMF 
measurements. For the IMFs in the youngest clusters (e.g, Figure ED, the masses 
are derived from positions in the H-R diagram, and hence depend very little 
on luminosity. As a result, processes that primarily affect luminosity, such as 
episodic accretion, should not introduce large errors into the mass estimates. On 
the other hand, the spectral types of young low-mass stars and brown dwarfs may 
be altered by magnetic activity (Section 14.3 j) . To gauge the magnitude of this 
source of error, we can consider the width of the peak in the distribution of spec- 
tral types for a star- forming region. As shown in Figured! peaks for both IC 348 
and Chamaeleon I are rather narrow, which indicates that most of the low- mass 
members are not experiencing large variations in spectral type (> 1 subclass). 
If that was the case, then the spectral type peak would be much broader, and 
the abrupt decline later than M5 would not be present. Furthermore, the possi- 
ble presence of activity-induced errors in spectral types does not fundamentally 
change the outlook for the IMF's accuracy since comparable errors are likely 
already present. For instance, for a typical member of a star-forming region, 
the published spectral types often differ by a few subclasses, and these classifi- 
cation errors can be either random or systematic (the members of IC 348 and 
Chamaeleon I in Figure [5] have been classified in an unusually uniform manner) . 
Derivations of IMFs for young clusters are subject to various other sources of 
error, such as the choice of temperature scale and the evolutionary models. How- 
ever, all measurements of the IMF, regardless of the type of stellar population, 
are subject to random and systematic errors, many of which are often difficult 
to quantify. The relevant question is not whether such errors exist, but whether 
the final IMF produced by a given methodology is accurate. The random errors 
for masses in young clusters will simply smooth out any small-scale structure 
in the IMF, and thus are unimportant for the measurements of broad features 
and slopes, particularly given the large sizes of the mass bins that are generally 
used. Meanwhile, systematic errors in mass estimates will stretch or contract 
the IMF, perhaps to a different degree as a function of mass. The agreement 
between the IMFs of star-forming regions, open clusters, and the field indicates 
that large errors of this kind are n ot present at masses higher than ~ 0.02 M 
(Figure El iLuhman fc Potter 200fih . However, IMF estimates in young clusters 



are untested at lower masses, and could have significant errors given the peculiar 
photometric properties of young L and T dwarfs and the resulting uncertainties 
in their temperatures and luminosities. 



5 Concluding Remarks 

The absence of a significant dependence of the abundance of brown dwarfs on 
stellar density or the presence of O stars, the ability of brown dwarfs to form 
in isolation and in wide binaries, and the likely existence of protostellar brown 
dwarfs together provide compelling evidence that brown dwarfs can form with- 
out the involvement of tidal shear in massive cluster-forming cores, dynamical 
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interactions, disk fragmentation around solar-type stars, or photoionizing radi- 
ation. Thus, it seems likely that the one remaining formation mechanism from 
Section 13, 1| turbulent fragmentation, is responsible for some fraction of brown 
dwarfs, and perhaps most of the ones in low-density regions like Taurus. It is 
possible that other proposed mechanisms also produce brown dwarfs, particularly 
in dense clusters, although there is not any clear observational evidence of this so 
far. One of the most promising avenues for better understanding the formation 
of brown dwarfs is continued study of low-mass protostars by identifying them in 
larger numbers with data from Spitzer, WISE, and Herschel Observatory and by 
detailed followup observations with facilities like the Atacama Large Millimeter 
Array. 

Measurements of dynamical masses for a small number of young low-mass stars 
and brown dwarfs have confirmed the theoretical prediction that the hydrogen 
burning mass limit occurs near a spectral type of M6 for ages of ~ 1-100 Myr. 
Based on a wide variety of studies, young objects later than ~M9, including 
planetary-mass companions, exhibit unusually red colors and faint absolute mag- 
nitudes at near-IR wavelengths relative to older field dwarfs. It appears that this 
behavior can be explained with model atmospheres that have clouds, low gravi- 
ties, and non-equilibrium chemistry. Further testing and refinement of the atmo- 
spheric and evolutionary models at young ages and low masses will require addi- 
tional measurements of dynamical masses and larger samples of well-characterized 
young L and T dwarfs. 
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6 Sidebar 



6.1 The Discovery of Brown Dwarfs 

The following should appear near the introduction: 

The existe nce of brown dwarfs was predicted in the 1960's (jHavashi &; Nakano 19631 . 
Kumar 196 3). but they were not found until more than two decades later. One of 
the first promising can didates was GD 165 B, which was discovered as a compan- 
ion to a white dwarf ( Becklin Zuckerman 19881 ). This object was the first 
known member of the L spectral class of cool dwarfs (T e g = 1500-2500 K, 
Kirkpatrick. Henry &; Liebert 19931) and co uld be either a very low-mass star 
or a brown dwarf (jKirkpatrick et al. 1999bl). Thro ugh radial velocity measure- 
ments of the star HD 114762, Latham et al. (19891 ) detected the presence of a 
close, unseen companion with a minimum mass of 11 Mj up . It is likely a mas- 
sive planet or a brown dwarf, although its substellar nature is not guaranteed 
since the inclination of its orbit is unknown. T he first unambiguous example 
of a brown dwarf was the companion G1229 B (jNakaiima et al. 19951 ). which 
exhibited strong methane absorption that firmly established that it was too 
cool to be a star (jOppenheimer et al. 19951 ). Near the time that G1229 B was 
discovered, PP1 15 and Teide 1 were i dentified as promising brown dwarf can- 
didates in the Pleiades open clus ter (jRebolo. Zapatero Osorio &: Martin 19951 : 
Stauffer. Hamilton &: Probst 19941). They were confirmed as substellar by th e 
detection of Li absorption ( Basri. Marcv Graham 1996 : Rebolo et al. 19961 ). 
making them the first known free-floating brown dwarfs. 
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Figure 1: Proper motions of stars in Chamaeleon I measured from two epochs 
of HST/ ACS images (J. Bochanski, in preparation). The motions of the known 
members within these images are indicated (large red points). 
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i— K a (observed) i~K s (extinction corrected) 



Figure 2: Observed and extinctio n-corrected color-magn itude diagrams for the 
portion of Taurus imaged by SDSS (jFinkbeiner et al. 20041 ). The known members 
of Taurus are indicated (large blue and red points). The i and K s data are from 
SDSS and 2MASS, respectively. 
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Figure 3: The top and left panels show gravity-sensitive absorption lines for 
late-M memb ers of Taurus (t ~ 1 Myr), Upper Sco (r ~ 12 Myr), and the field 
(r ^ 1 Gyr, iLuhman et al. 2007bl ). In the lower right panel, a low-resolution 
spectrum of an M6 member of Taurus is compared to data for M6V and LOV 
field dwarfs, illustrating how the strength of H2O absorption and the shape of 
the H- and iT-band continua depend on gravity. 
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Figure 4: Lo w-resolution spectra of young objects (r ~ 1~50 Myr) from mid- 
M to early T fearman et al. 201 lal. iKirkpatrick et al. 20061 . iMorrow et al. 20081 . 
Muench et al. 200l IPatience et al. 20ld ). The data are normalized at 1.68 ^m. 
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Figure 5: Distributions of spectral types for representative samples of members 
of Taurus (V ~ 1 Myr), IC 348 (V ~ 2-3 My r), and Chamaeleon I (r ~ 2-3 Myr, 
Luhman 20071 . iLuhman et al. 2009bl . l2003bh . The completeness limits of these 



samples are indicated (dashed lines). 
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Figure 6: 
the field 



IMFs for Tauru s, Chamaeleon I 



(IBo chansk i et al. 2010 : 
Moraux. Kroupa Bouvier 20041 )" 



Luhman 2007: 



the Pleiades, and 
Luhman et al. 20 09b: 



Assuming a power-law form for the 
mass function of brown dwarfs, surveys of the field indicate a slope of a ~ 
in line ar units, or T = —1 in the logarithmic units plotted in this dia- 



gram ([B urning ham et al. 2010 . iKirkpatrick et al. 2011 



Metchev et al. 2008. 



Revle et al. 20101 ) . The data for the Pleiades and the field have been scaled to 



fit within the same limits used for Taurus and Chamaeleon I. The completeness 
limits of the cluster samples are indicated (dashed lines). 
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Figure 7: Left: Pr ojected separation v ersus total system mass for a compilation 
of known binaries (iFahertv et al. 20111 ). Right: Projected separation of resolved 
binaries (points) and the detection limits for unresolve d sources (arrows) ver- 
sus primary spectral type in Taurus and Chamaeleon I (IKonopac kv et al. 2007; 



Kraus. White Hillenbrand 20061 : iLafreniere et al. 2 008 



Neuhiiuser et al. 2002 , 



K. Todorov, in preparation). The number of primaries as a function of spectral 
type is shown with the histogram. 
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Figure 8: Fraction of sources with primordial circumstellar disks (class II) as 
a function of spectral type in Taurus, Chamaeleon L IC 348, and U pper Sco 
(|Lada et al. 20061 . iLuhman et al. 2n05al . 120081 . Effllfll . iMuench et al. 2001 K. Luh- 
man, in preparation). Stars with debris disks are designated as class III. The 
boundaries of the spectral type bins have been chosen to correspond approxi- 
mately to logarithmic intervals of mass. 
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Figure 9: Mk versus spectral type for young late-type objects in nearby asso- 
ciations, clusters, multiple syste ms, and the field. A fit to data for normal, older 
field dwarfs is shown {solid line, Faherty et al. 2012T j. 



